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SUMMARY
This thesis is concerned with the preparation of tritiated
organic compounds by catalytic (both heterogeneous and
homogeneous) methods. The radiochemical purity of the
(product(s) was usually ascertained by using a modified
radio-gas-liquid chromatograph, ideally suited for compounds
of high specific activity. The tritium distribution within
3
the labelled compound;was determined by H nmr spectroscopy.
The starting point for the investigations was the 
establishment of a standard tritiation procedure which allowed 
the use of hydrogen-tritium mixtures, so that the most economic 
use of tritium gas could be made. In Chapter 1 the procedure 
is employed to hydrogenate a number of alkenes. A character­
istic feature of the results is the uneven addition of tritium 
across the double bond. By deliberately under-reducing the 
substrate it can be shown that a competing exchange reaction 
is responsible for the above observation.
In Chapter 2 the catalytic dehalogenation of a number of 
substrates is investigated whilst in Chapter 3 a detailed 
investigation is carried out into the hydrogenation of 
phenylacetylene.
3
The preparation of N-succinimidyl [2,3- H] propionate, 
a tritium labelling reagent for proteins is described in 
Chapter 4, as well as that of its inactive counterpart. The 
rates of hydrolysis and the optimum conditions for reaction 
with L-lysine and other substrates are also reported.
In the final chapter details of the modifications made 
to a commercially available radio-gas-liquid chromatograph 
are given. Its sensitivity and general usefulness for the 
analysis of tritiated compounds is also discussed.
A C K N O W L E D G E M E N T S
I would like to express my sincere gratitude for the 
constant encouragement and support afforded me by my 
supervisor, Dr. J. R. Jones, during the course of this 
work. Many thanks are also due to my co-supervisors, 
Professor J. A. Elvidge, Head of the Chemistry Department, 
and Drs. G. L. Guilford, D. C. Warrell and E. A. Evans 
of Amersham International pic, Cardiff.
I am indebted to Mr. J. M. Bloxsidge for his help 
in the tritium nmr work, and to Mrs. L. Carroll for 
assistance. I would also like to thank Drs. Ann-Marie 
Davis and J. P. Kitcher of Amersham International pic, 
with whom I had useful and interesting discussions.
Finally I am thankful for the help provided by 
Mrs. J. Artingstall, who typed the Thesis.
To Jenny
-  V  -
CONTENTS
Summary i
Acknowledgements ii
Dedication iv
Contents v
GENERAL INTRODUCTION 1
CATALYTIC HYDROGENATION OF ALKENES 10
CATALYTIC DEHALOGENATION 62
CATALYTIC HYDROGENATION OF PHENYLACETYLENE 86
N-SUCCINIMIDYL [2,3-3H]PROPIONATE: A PROTEIN LABELLING 100
REAGENT
RADIO-GAS-LIQUID CHROMATOGRAPHY METHOD FOR THE ANALYSIS 122
OF TRITIATED COMPOUNDS
GENERAL INTRODUCTION
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A large part of Chemistry is concerned with the prepara­
tion of organic compounds and in order to improve our under­
standing of the subject it is essential that due attention 
be paid to a study of the rate of the particular reaction and 
to the individual steps that make up the overall reaction. 
Such investigations are usually considered under the general
heading of organic reaction mechanisms and have been greatly
1 2assisted by the availability of isotopes ' , both of the
2 13 15 18 33stable e.g. H, C, N, 0, S, and radioactive kind
3 14 35 125
e.g. H, C, S, I. The first isotope that was
systematically used for mechanistic investigations was
deuterium; difficulties associated with the detection of the
weak 8-emissions of tritium meant that its application was
3 4severely curtailed ' . Fortunately the development of 
liquid scintillation counting means that these have now been 
overcome.
The advantages of using tritium as an isotope are many. 
Thus it is cheap, can easily be incorporated into organic 
molecules, has a convenient half-life, and products of high 
specific activity can be obtained. Some of the features
5
are illustrated m  Table 1 . Other factors are its good
autoradiographic properties stemming from the weak energy
. . 3of the 8-radiation and low toxicity .
Incorporation of tritium into organic compounds can be 
achieved in many ways but it is convenient to consider these 
in terms of three categories:-
(1) Hydrogen isotope exchange with tritium gas as in the 
case of the Wilzbach method, or metal catalysis. If 
a tritiated solvent is used then the reaction can either
- 3 -
Table 1. Properties of some common radioisotopes
Isotope Half-life
Max $- 
energy 
(Kev)
Maximum
activity
(curies)
per
milliatom
Cost
(1981)
3h 12.35y 18 29 £18/Ci
14c 5730y 156 0.062 £ll/mCi
35s 84d 167 14490 £lO/mCi
32
P 14.3d 1709 9000 £12/mCi
125i 60d — 16000 £l3/mCi
be base, acid, or metal catalysed and the reaction can 
be carried out under homogeneous or heterogeneous 
conditions.
(2) Synthetic methods usually involve hydrogenation using 
tritium gas or catalytic dehalogenation again in the 
presence of tritium gas. Tritiated metal hydrides 
and tritiated methyl iodide are also frequently used in 
these synthetic methods.
(3) Biochemical methods rely on the use of enzymes to 
achieve the desired objectives.
Which of the various methods are employed depends on
several factors such as whether the product is to be labelled
in a specific position or at very high specific activity.
Thus metal catalysts have a high efficiency, can be applied
to a wide range of compounds and often result in products 
£
of high purity . Comparison can also be made between the 
results obtained under heterogeneous and homogeneous
- 4 -
conditions and this can help in improving our understanding
of the mechanism of the catalytic procedure.
Of the large number of metal catalysts that have been
7 8employed those of the Group VIII series ' have found most
acceptance. Much current work is directed at obtaining
specifically labelled compounds at very high specific
activity and the search for new and better catalysts able
to achieve these objectives thus takes on an added importance.
The weak 8-radiation emitted by tritium means that
liquid scintillation counting is the usual method of deter-
3mining the total activity present . It provides good
efficiency (usually in the 30-50% range) and allows a good
sample throughput. The principles of liquid scintillation
counting are now well known and will not be described here.
Sufficient to say that the result is presented as a count
per minute and that in order to put this in absolute terms
e.g. yCi per millimole it is necessary to use an external
3 9standard such as H-hexadecane . The only difficulties 
that can arise with liquid scintillation counting are those 
of solubility which can be overcome by the addition of a 
blending agent, and those of quenching, which leads to a 
decrease in counting efficiency^0 . The latter problem 
can frequently be minimised by using the labelled material 
at very low concentration.
High radiochemical and chemical purity are the prime 
criteria in preparing tritium (and other) labelled compounds. 
Mention has already been made of the excellent autoradio­
graphic properties of tritium and these are often used in
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achieving separations , since the very weak energy and
hence low penetrating power of the beta particles from
tritium permits the precise localisation of the labelled
compound. Paper- and thin-layer chromatography are widely
used for establishing radiochemical purity of labelled
compounds because of the small chemical weights involved,
whilst chemical purity can be determined by addition of
inactive carrier. More recently the development of high
11 12pressure liquid chromatography (HPLC) ' has greatly
assisted the process of purification so much so that by
using suitable columns it is now possible to separate most
labelled steroisomers and calculate their specific
activities. By comparison the technique of radio-gas-liquid
chromatography has not received as much publicity although
it provides a rapid, inexpensive and sensitive method of
13separating volatile compounds
The reluctance of research workers in the past to use
tritiated compounds and to choose carbon-14 in preference
to tritium despite the higher cost and more demanding
synthesis stems from the difficulty of establishing the
labelling pattern and the fact that isotopic exchange could
complicate the interpretation of the results. The 
3 14 1development of H nmr has however enabled the straight 
forward unequivocal determination of the labelling pattern
15to become a routine measurement. The first study of Tiers 
showed that it was necessary to use approximately 10 curies 
of material in order to obtain a spectrum, of satisfactory 
signal to noise ratio. The dangers involved were correctly
- 6 -
appreciated and it was only with the development of new and
more sensitive nmr spectrometers that the activity levels
could be routinely reduced to a safe level. Thus using a
Bruker WH90 instrument on which most of the results in the
Amersham-Surrey collaborative venture have been obtained,
satisfactory spectra are obtained with samples containing
between 5 and 25 mCi of radioactivity. The features of
16 17the technique are now well known ' and are summarised in 
Table 2.
3
Table 2. Important features of H nmr spectroscopy
1. Gives positions of label and amounts of tritium at
each site directly.
2. Non-destructive, thereby obviating the need for chemical
degradation (which is time consuming).
3. No interference because of absence of natural background 
of tritium.
34. The magnetogync ratio for H is ca. 1.07 times greater
2
than for H so the spectral dispersion is that much 
superior.
5. Higher sensitivity to detection than by the factor 
of 1.21 at constant field.
6. Spin coupling to adjacent is fully resolved so that 
stereochemical information is readily given.
3
7. On a ppm. basis, H chemical shifts are virtually the 
same as shifts so there is no new interpretative 
problem and the vast fund of data is directly 
applicable.
........ /contd.
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Table 2 (contd)
8. The tritium nucleus has a spin 1/2 and the relaxation
3
rates for H in compounds are comparable to those for
so that individual signals are very sharp; as for
1 2  . . . .H and H, the integrated signal intensities are
directly proportional to the number of nuclei 
responsible.
9. The NOE arising from concomitant irradiation can
normally be neglected, but in any case can be obviated. 
310. No H internal standard is necessary for operation
with a fieId-frequency locked spectrometer: ^ M S  or
^DSS ^rom normal reference is multiplied by
31.066639740 to provide the ghost H reference.
Although tritium is a weak 8-emitter and classified 
as a 1 low-toxicity isotope" its handling is not only a 
matter of personal safety but also of government legislation. 
The normal criteria for handling radioactive material need 
therefore to be employed. In particular all work should 
be carried out over spill-trays and wherever possible in a 
fume-cupboard. Each worker should confine his work to a 
specific area and the possible dangers of cross-contamination 
kept to a minimum. Laboratory coats and gloves should be 
used and arrangements made for the former to be cleaned at 
regular intervals. Workers should submit urine samples 
for monitoring self-contamination and swabs should be taken 
from the areas most directly concerned to check that the 
radioactivity is kept down to the minimum level.
/
-  8 -
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1.1 INTRODUCTION
In studies of catalysis and surface chemistry, reactions
such as the hydrogenation of alkenes have frequently been
employed. The early work^ goes back to the beginning of the
present century. More recent work has been the subject of
2 3two detailed reviews ' . In many of the investigations
isotopes, particularly deuterium, have been employed. Thus
. 4
in their classical work in the 19 30's Horiuti and Polanyi 
used deuterium. Unfortunately the analytical methods then
available had severe limitations and it was only with the
5 6 7development of infra-red spectroscopy and mass spectrometry '
that some of these were overcome. More recently microwave
8 9 1 10 spectroscopy ' and H nuclear magnetic resonance spectroscopy
have found increasing use.
In the early work it was necessary, for satisfactory
analysis, to achieve high deuterium incorporation. The
alternative of using tritium was first employed by Simon and
Berngruber^ in their study of the hydrogenation of a,$-
unsaturated carbonyl compounds. The tritium distribution
and degree of incorporation was determined by a combination of
stepwise degradation of the hydrogenation products and radio-
3 12chromatography. More recently H nmr spectroscopy has been
used in studying various aspects of catalysis, for example,
the selectivity of catalysts. The present work is concerned
with the application of this technique to metal-catalysed
hydrogenation reactions of alkenes.
Previous studies of hydrogenation reactions have shown
that as well as the main reaction there are several other
- 13 -
processes that may be important. These are
(1) Olefin exchange e.g. C H 0 -M3 H~ D3 3 n 2n n 2n-x x
(2) Double bond migration e.g.
rch=ch2ch2r11f=^ rch2ch=ch2r1
(3) Cis-trans isomerisation e.g.
R R1 R H
\  /  , \  /c=c ^ x c=c
X  \  /  \  1
H H H R
(4) Hydrogen isotope exchange:- H2+D2^=^ 2HD
In addition it has been observed by several groups of workers
that addition of deuterium across the double bond occurs 
13unevenly and some have suggested that this is a function
14 15of the catalyst employed ' . Likewise the importance of
olefin exchange may vary with the catalyst^, for example in
the hydrogenation of crotonic acid a 30% palladium on charcoal
catalyst induced more exchange than pre-reduced PtC>2 whilst
the effect was virtually absent when a rhodium catalyst was
employed. Another factor that might be important is the
17choice of solvent . A recent study shows that the initial
rate of hydrogenation of styrene using dimethylformamide was
close to a hundred times faster than when dimethyl sulphoxide 
18was the solvent . In a study of the hydrogenation of 
19alprenolol it was claimed that the tritium distribution in 
the product was also affected by the choice of solvent. In 
the present study we shall be concerned with the effects of 
these variables although it will not be possible because of 
time constraints to give them all equal attention.
- 14 -
1. 2 EXPERIMENTAL 
1.2.1. Materials
The Raney nickel and palladium oxide on barium
sulphate were prepared according to the methods of Dominguez
20 21 et. al. and Kuhn and Hass respectively. Three batches
of 5% palladium on charcoal catalyst were kindly provided
by Johnson Mathey Co. pic. The characteristics of the
catalysts are given in Table 1.1. All the other catalysts
used were obtained from an Englehard Industries evaluation
set.
The kainic acid, (~)-alprenolol tartrate, 4,5-dehydro- 
leucine and fucose intermediate were kindly supplied by 
Amersham Internation pic. Other alkenes were purchased 
commercially and their purity checked by melting point, 
boiling point and gas-liquid chromatographic methods. The 
ion-exchange column, silica gel and carbowax radio-gas-liquid
chromatography columns were prepared at Surrey.
201.2.2 Preparation of Raney Nickel catalyst
A 10% sodium hydroxide solution (600 mi.) was placed 
in a 1 litre three necked flask equipped with water condenser, 
thermometer and mechanical stirrer. Raney nickel aluminium 
alloy (50%, 40 mg) was added in small portions over the course 
of 20-30 minutes, care being taken to ensure that the 
temperature remained in the range of 90-95°C. On completing 
the addition the mixture was stirred for a further hour, 
after which time the catalyst was allowed to settle and the 
solution decanted off. The residue was washed with five 
200 ml. portions of water, then with five 50 ml. portions of 
absolute ethanol in such a way that the catalyst was always
- 15 -
covered with liquid. The catalyst was stored under ethanol 
and kept in a refrigerator prior to use.
211.2.3 Preparation of palladium oxide on barium sulphate 
Palladium chloride (0.5g.) was dissolved in hot
sulphuric acid (4M, 25 ml) at 80°C before adding distilled 
water (200 ml), itself previously heated to 80°C. The 
solution was then allowed to cool to room temperature.
Barium hydroxide (Ba(OH)2•8^0, 8.6g.) was dissolved in warm 
water (262ml) to give an approximately 0.2M solution and the 
palladium chloride solution was then added dropwise via a 
peristaltic pump whilst vigorously stirring the solution.
The dark biscuit-coloured suspension was centrifuged at 
about 1800 r.p.m. for 5 minutes. The supernatant liquid 
was decanted off and the solid resuspended in water (200 ml.) 
and the centrifugation procedure repeated twice. The solid 
was finally dried over phosphorus pentoxide in a vacuum 
dessicator.
1.2.4 Standard tritiation procedure
The objective here was on the one hand to obtain
. . 3tritiated samples of sufficiently high activity so that H nmr
spectra could be obtained in a resonable time (<24 hr.) and 
on the other to make the best use of the tritium gas ampoules. 
For these reasons a tritium gas manifold had been constructed 
and the essential features are shown in Figure 1.1. Ampoule 
A could be of different capacities (2-20 ml in our work) and 
was filled with hydrogen so that ^ ^ 2  mixtures of different 
ratios could be employed. The tritium ampoule B was invariably 
of 2 ml. capacity. In the standard tritiation procedure 
air was first of all removed from the manifold and as soon as
-  16 -
Figure 1.1- Gas tritiation manifold for handling
multicurie quantities of hydrogen-tritium 
mixtures.
To vacuum line
magnet
Reaction vessel
Magnetic
stirrer To air
To vacuum
Buret
Tritium
ampoule
2ml.
Hydrogen 
ampoule 
2 Om 1'.
MercuryMercury
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-2
a good vacuum (<10 Torr) had been established, tap E was 
closed. By means of the bar magnet the seal on the tritium 
ampoule B was broken and the gas transferred into the burette 
reservoir E^. The hydrogen from ampoule A was then transferred 
to the same reservoir and by lowering the mercury in D it was 
possible to ensure that the two gases were thoroughly mixed.
If the hydrogen-tritium mixture is to be divided for several 
experiments, once the desired quantity of the gas mixture has 
been transferred over the remaining gas can be stored in
the burette for future use.
A mixture of the alkene (6-20mg. of solid, 10-100y& of 
liquid), catalyst (5-100mg.) and solvent was placed in the 
reaction vessel and magnetically stirred. The air in the 
reaction flask was removed by opening and closing tap G to 
the vacuum line very quickly. This was repeated several 
times until a sharp rise in vacuum pressure has recorded.
The required amount of hydrogen-tritium mixture (10:1 ratio), 
which could be measured to approximately 0 .02ml was then 
transferred from the burette and the reaction allowed to 
continue for a pre-determined time, at the end of which any 
excess gas was pumped off, the catalyst filtered off through 
a glass fibre filter paper (whatman GF/F) held on a sintered 
glass funnel and the solvent removed by rotary evaporation. 
Labile tritium was removed by shaking with a protic solvent, 
three successive washings usually being sufficient.
The product was usually taken up in 1 ml. of chloroform 
or methanol and 5 y& of this solution was dissolved in a 
methanol: water mixture (1:1, 100 ml). A known volume,
usually 20 y&, of this solution was then added to 2 ml. of
- 18 -
liquid scintillator e.g. NE 250 and the radioactivity 
determined. This was transferred from counts/min. to 
disintegrations/min. through the use of the internal standard 
procedure (see section 1.2.5).
3
For H nmr analysis the remainder of the chloroform 
(or methanol) was gently evaporated off and the labelled 
product dissolved in 200yit of Chloroform-d or methanol-d^ 
and a trace of tetramethylsilane. A known amount (60y£) 
was inserted by means of a Hamilton glass syringe into a* 3mm. 
cylindrical nmr tube (Wilmad), before degassing and sealing.
The tube was then mounted in the customary 5mm nmr tube and
3 .the H nmr spectrum obtained using a Bruker WH90 nmr instrument.
1.2.5 Internal standard method for calculating tritium
counting efficiencies,
3
The [ H] hexadecane internal standard had a specific
c
activity of 3.75x10 dpm per ml on 1.6.78, which because of
the half-life of tritium (12.35 years) was reduced to 3.337x
6
10 dpm per ml by 8.7.80. Addition of various amounts 
(20-120U&) of the standard to 5 ml of NE250 liquid scintillator 
gave the results summarised in Table 1.2 and Figure 1.2.
When a known amount of standard was added to NE 250 containing 
tritiated product and the efficiency again calculated the 
values were always close to 41%.
1.2.6 Tritiation of cinnamic acid-variation of catalyst.
The standard procedure was used with tetrahydrofuran
as the solvent and fixed amounts of acid (6 mg) and hydrogen- 
tritium mixture (2 ml of 10:1 ratio). The reaction time was
kept constant at 2 hours. The experimental conditions are
3 1summarised in Table 1.3. HNmr spectra (both H coupled and
A
c
t
i
v
i
t
y
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Fig-. 1.2. Average counts per minute plotted against volume
O
of [ Hjhexadecane*
10
ko 60 80200 100 120
r 3Volume of [ HJ-hexadecane added (in u l ) ,
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decoupled) are given in Figures 1.3 and 1.4 and the resolution 
enhanced spectra in Figures 1.5 and 1.6.
1*2.7 Tritiation of styrene and related compounds.
(a) Variation of catalyst.
Under the standard tritiation procedure styrene
(I00y£) in tetrahydrofuran or chloroform (2ml) was mixed with
a catalyst (Table 1.4) and the hydrogen-tritium mixture (10:1 ,
2ml) for a given time. At the end of the reaction the
catalyst was filtered off and chloroform (20ml) added followed
by distilled water (20ml). The latter was separated off and
the chloroform layer washed a further two times with water
(20ml) before being dried over anhydrous sodium sulphate.
Finally the chloroform was removed by gentle rotary evaporation.
The total activity was determined by liquid scintillation
counting and the radio-chemical purity by radio-gas-liquid
chromatography. The nmr spectra of styrene and the
hydrogenated product(s) are given in Figures 1.7 and 1.8
3respectively. The H nmr spectrum of the fully reduced 
product (20ml of the ^ ^ 2  mixture used) is given in Figure 
1.10 and the corresponding spectrum using the technique of 
deliberately under-reducing the styrene used is given in 
Figure 1.9.
(b) Variation of the amount of ^ ^ 2  gas mixture. 
Styrene (40y£) in tetrahydrofuran (2ml) was
stirred with a 5% Pd/C-B catalyst (5mg) in the presence of 
a known amount of the hydrogen-tritium mixture (10:1 ,
1.2ml-0.08ml) for 2 hours. The details are given in Table 1.5.
- 21 -
(c) Variation of reaction time and temperature.
Styrene (60y£) in tetrahydrofuran (1.2ml) was
stirred with a 5% Pd/C catalyst (5.6mg) in the presence of 
the hydrogen-tritium mixture (10:1 , 1.8ml) for different times 
at room temperature. The lower temperature was achieved by 
enclosing the reaction vessel in an acetone-dry ice mixture. 
The details are given in Table 1.6
all with the characteristic -CH=CH- linkage in order to see 
whether the pattern of labelling was affected. The compounds 
have the following structures:-
(d) Effect of varying the substrate structure.
In this work a number of substrates were chosen
CH=CH 2 CH=CH 2
(1) 4-Vinylpyridine (2) 4-Vinyldyclohexene
ch2-ch=ch2 oh2-ch=ch-co2h
(3) 1-Phenyl-3-propene 
Me-C.= CH2
(4) Phenyl-butenoic acid 
Me-C —  CHCOOH
(5) a-Methy1styrene (6) a-Methylcinnamic acid
- 22 -
c h =c h c h 2o h
(7) Cinnamyl alcohol
CH=CHCHO
(8) Cinnamaldehyde
Me-C=CHCHO CH=CHCOCH.
(9) a-Methy1 cinnamaldehyde (10) Phenyl-3-buten-2-one
CH=CHCH2Cil
(11) Cinnamyl chloride
CH=CHCN
(12) Cinnamonitrile
CH=CH.COOH
X
(13) a. X=C£
b . X=Me
c. X=N02
In all cases the standard tritiation procedure was used. 
The details are given in Table 1.7.
- 23 -
1.2.8 Trtt'tat'ton of b'Lochemioatty 'important alkenes.
The substrates used in this study were (-)-alprenolol 
tartrate (14), Kainic acid (15), 4,5-dehydrole:ucine (16), 
methyl-2, 3-di-0-acetyl-4-0rbenzoyl-a-D-arabino-hex-5- 
enopyranoside (17) and isosafrole (18). The experimental 
conditions were different in each case and are summarised as 
follows:-
(-)-Alprenolol tartrate (14)
The substrate (19-30 mg) in ethanol (1 ml) was stirred 
with 5% Pd/C catalyst and the ^ ^ 2  mixture (1.8ml, 10:1) for
2 hrs. On completion any excess gas was pumped off, the
catalyst filtered off and the residue washed with distilled
water (3ml). The solution was neutralised by addition of
NaOH solution (2M, 1ml) and the free base extracted into
chloroform. The product was further washed with water before
drying the solution over anhydrous sodium sulphate. Finally
the chloroform was removed by rotary evaporation. The details
3are given m  Table 1.8 and the H nmr spectrum is shown in 
Figure 1.28.
In subsequent experiments the amount of gas mixture
was varied and these details are given in Table 1.9 and the
3H nmr spectrum m  Figure 1.29.
Kainic acid (15)
The standard tritiation procedure was employed, using
substrate (5 mg) and glacial acetic acid (2ml) as the solvent.
The substrate is sparingly soluble in most solvents and for
nmr purposes it was necessary to prepare the sodium salt, which
3was done by transferring the [ H]-kainic acid to a 1 ml round- 
bottom flask containing 99% D2O (0.3ml) and a pellet of sodium 
hydroxide and shaking vigorously for 20 minutes. The solution
- 24 -
was filtered off and freeze-dried before redissolving the
3 . 1salt in D2O (60y&) prior to H nmr analysis. The H nmr
3
spectrum of kainic acid is given in Figure 1.30 and the H nmr 
in Figures 1.31-1.33. The other details are summarised in 
Table 1.10.
4,5-Dehydroleucine (16)
The standard tritiation procedure was employed using
7.5mg of substrate, glacial acetic acid (1m &) as solvent and
3
7.5mg of 10% Pd/C as catalyst. The H nmr results for the 
fully and partially reduced products (in CD^OD solvent) are 
shown in Figures 1.34 and 1.35 respectively and the other 
details summarised in Table 1.11.
Methyl-2,3-di-0-acetyl-4-0-benzoyl-g-D-arabino-hRx-5~
enopyranoside (17)
The substrate (15mg) was dissolved in ethyl acetate 
(1.5 ml) and stirred in the presence of catalyst (5% Pd/C) 
and H2*-T2 gas mixture( 0.02-2ml, 10:1 ratio) for 2 hrs. On 
completion the catalyst was filtered off, the product dissolved 
in methanol (50ml) before adding NaOMe (1M, 0.4ml) and allowing 
the solution to stand at room temperature for 1 hr. The 
solution was then neutralised with Amberlite 1R 120H+ ion- 
exchange resin. After filtering off the latter the solution 
was gently evaporated to dryness. Sulphuric acid solution 
(0.5M, 10 ml) was then added and the solution refluxed at 100°C 
for 2 hrs. On cooling the solution was run through an equal 
amount of Amberlite 1R 450 OH and Amberlite 1R 120 H+ resins. 
On completion the columns were washed with a little water and 
the solution rotary evaporated to dryness. The solid mixture
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was dissolved in ethyl acetate/glacial acetic acid/12% 
phenylboronic acid (9:2:2 ratio) and the solution applied to 
two sheets of Whatman 3mm paper and allowed to run for 12 hours. 
The fucose band was identified by a marker (inactive hydro­
genated product of the fucose intermediate prepared in the 
same manner). The band was cut out, extracted into water,
the solution freeze-dried and the product taken up in deuteriated 
3water prior to H nmr analysis. The details are summarised 
in Table 1.12.
Isosafrole (18)
The standard tritiation procedure was used and benzene 
was added as solvent. The details are summarised in Table 1.13.
The biochemically important alkenes have the following 
structures:
OH
OCH2CHCH2NHCHMe2 H
COOH
H-C-C 
3 ^
CH
c h 2 .c o o h
(14) (-)-Alprenolol tartrate
(15) Kainic acid
H -C—C—CH 0 CH(NH0)C0oH 
-3 ^  Z Z Z
c h 2
(16) Dehydroleucine
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PHCH„0
(17) Methyl -2,3-di-O- (18) Isosafrole
acetyl-4-0-benzoyl 
-a-D-arabino-
hex-5-enopyranoside
1,2.9 Homogeneous hydrogenation of alkenes.
The procedure consisted of stirring the alkene
(5-30mg for solids, 5-60y£ for liquids) with Wilkinson's
catalyst, chlorotris(triphenylphosphine)rhodium(1)(5-30mg)
in the chosen solvent (chloroform, 2ml) and in the presence
of a known amount (1.8ml) of the hydrogen-tritium mixture
(10:1) for 2 hrs. On completion excess gas was pumped off
and any labile tritium removed by successive evaporation of
a protic solvent. The difficulty of separating the catalyst
from the product was overcome by extracting the latter into
. Finally the solvent was rotary evaporated off and
3the product redissolved m  CDCJl^ prior to H nmr analysis.
The relevant details are given in Table 1.14.
1.3 RESULTS
These are presented in Tables (1.1-1JL4) and in
1 3Figures 1.1-1.50. All the H and H nmr spectra were obtained 
using a Bruker WH90 instrument. Unless otherwise stated they 
are proton decoupled.
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Table 1.1 Characteristics of the 5% Pd/C catalysts
Catalysts Assay(%) Metal area
, 2 -1, ( m g  )
Nitrobenzene
activities
(ml min ^ O.lg
5% Pd/C (A) 
3 8H:RV13
4.8 12.9 318
5% Pd/C (B) 
87L:5R87L/80
5.02 20.5 215
5% Pd/C CC) 
66:5R66/427
5.10 48.2 Not
measured
3 .Table 1.2 Calculation of H efficiency using the internal
standard method
Volume of
3
[ H]hexadecane 
added (y£)
Co ihits/min. Efficiency (%)
20 28,050 42.0
40 55,100 41. 3
60 82,650 41.3
80 110,300 41. 3
100 134,100 41.2
120 165,000 41.2
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Table 1.3 Experimental conditions used for the catalytic 
hydrogenation of cinnamic acid using different 
catalysts
Catalyst Weight(mg.)
Radioactivity 
of Product(mCi)
5% Pd/C-A 5 750* Fig. 1.3
-B 3 120
-C 6.3 40
5% Pd/CaC03 6.2 109
PaO/BaSO^ 6.2 186
5% Rh/C 6.2 21
5% Pt/Al20 3 7 20
Raney Nickel -100 6.8
*1 ml of 99% ^ 2  used.
Table 1.4 Experimental conditions used for the catalytic
hydrogenation of styrene using different catalysts
Catalyst Weight(mg) Reaction time 
(hrs)
Radioactivity 
of product(s) 
(mCi)
Spectrum
reference
number
5% Pd/C-A 10 2
_a Fig. 1.8
i i 8 ii 210b Fig. 1.10
i ii 10 ii 180 Fig. 1.9
5% Pd/CaC03 6.2 ii 40
5% Pt/C ii ii 120
5% Pt/Al20 3 6.4 ii 37.5
5% Rh/C 6.2 it 3
ii 29.2 14.5 30
Raney Nickel -150 6.5 60
5% Ru/C 50 4 120
a = 20 ml of hydrogen used
b = 20 ml of h2~T2 m:*-xture use^
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Table 1.5 Catalytic hydrogenation of styrene - effect of
varying the amount of hydrogen-tritium mixture.
Volume (ml) of 
gas used
Radioactivity of product(s) 
in mCi
1.2 60
0.5 10
0. 3 8
0.15 6
0.08 6
Table 1.6 Catalytic hydrogenation of styrene - effect
of varying the reaction time and temperature.
Reaction time 
(mins.)
Reaction temperature 
(°C)
Radioactivity 
of product(s) 
in mCi
60 20 100
30 ii 70
10 ii 50
5 ii 40
30 -76 40
10 it 4
Table 1.7 Experimental conditions used for the catalytic
hydrogenation of styrene-related compounds.
Substrate Volume
used
(V*)
Weight of 
5% Pd/C 
catalyst 
(mg)
Ca )
Volume 
of H2-T2
mixture 
(10:1) 
in ml
Radio­
activity
of
product(s) 
mCi
Spectrum
reference
number
4-Vinyl- 40 8 20 2 80 Fig.1.12
Pyridine(1) 40 6 2.0 70 Fig.1.14
fl 20 20 0.9 36
30
Table 1.7 continu 
4-Vinyl- 
Pyridine(1)
ed
40 5.8 0. 3 18
ii 40 10 0.07 8 -
4-Vinyl- 
cyclohexene(2) 10 20 4 220 1.41
it 40 10 2 130 -
ii ii it 0. 3 56 1.42
1-Phenyl-3- 20 15 8 280 1.26
propene(3)
it ii it 4 80 _
ii 100 1° 2 120 1.27
Phenyl-butenoic 
acid(4) 8 mg 8 0.5 64 1.25
a-Methylstyrene(5) 100 6.2 1.8 50 1.15
a-Methylcinnamic 
acid (6) 8 mg 6 ii 210 1.16
Cinnamyl alcohol(7) 17. 4mg 12 ii 310 1.17
Cinnamaldehyde(8) 100 10 n 130 1.19
a-Methylcinnam- 
aldehyde (9) it It ii 114 1.20
4-Phenyl-3- 
buten-2-one (10) ii I ii 68 1.18
Cinnamylchloride(11) it 8.4 ii 360 1.21
Cinnamonitrile(12) ii 12.4 ii •». 40 1.22
P-Chloro cinnamic 
acid (13a) 9.8 mg 8 ii 128 1.23
f t m
P-Methyl cinnamic 
acid (13b) 8 mg 6.1 ii 300 1.24
P-Nitro cinnamic 
acid (13c) 100 12.4 n 100 -
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Table 1.8 Experimental conditions used, for the catalytic 
hydrogenation of (-)-alprenolol tartrate.
Weight of Weight of Radioactivity of
substrate Catalyst catalyst Product(s)
(mg) (mg) (mCi)
30 5% Pd/C-A 18 320 Fig. 1.28
30. 6 5% Pd/C-B 20 380
19.0 5% Pd/C-C 18 260
30.0 5% Pt/C ii 100
Table 1.9 Catalytic hydrogenation of (-)-alprenolol
tartrate - effect of varying the amount of
H2“T2 mixture.
Volume(ml) of Radioactivity of product(s)
gas used in mCi
0. 8 160
0.5 90 -
0.35 40 Fig.1.29
0.17 28
Table 1.10 Experimental conditions used for the catalytic 
hydrogenation of kainic acid.
Weight of 
catalyst 
(5% Pd/C) 
used (mg)
Volume of 
h 2-T2 
mixture 
used (ml)
Radioactivity 
of product(s) 
(mCi)
Spectrum
reference
number
5 h-* • 00 400 Fig. 1.31
ii 0.4 100 -
ii 0.2 90 Fig. 1.32
6 0.06 10 -
1
0.025 5 Fig. 1.33
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Table 1.11 Catalytic hydrogenation of the 4,5-dehydro- 
leucine (16) - effect of varying the amount 
of ^ “^ 2 mixture.
Volume (ml) of gas 
used
Radioactivity 
of product(s) 
in mCi
Spectrum
reference
number
12 140 Fig. 1.34
5 100 -
3 90 —
1 44 —
0.5 22 -
0.25 22 Fig. 1.35
0.04 7.5 -
0.03 8 —
Table 1.12 Experimental conditions used for the catalytic
hydrogenation of the fucose intermediate (17).
Weight of 
catalyst 
used (mg)
Reaction 
time (hrs)
Volume of
H2"T2
mixture
used (ml)
Radioactivity 
of product(s) 
(mCi)
Spectrum
reference
number
15 2 1.8 400 Fig. 1.38
1 ii 0.5 86 Fig. 1.39
16 ii 0.25 50 -
10 ii 0.13 ii -
12 0. 5 0. 8 16 Fig. 1.40
15 0.1 ii 3 -
10 0.17 0.2 2 —
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Table 1.13 Experimental conditions used for the catalytic
hydrogenation of isosafrole (18)
Weight of 
isosafrole 
used (mg)
Weight of 
catalyst 
(5% Pd/C) 
used (mg)
Volume of
H2"T2
mixture
(ml)
Radioactivity 
of product(s) 
(mCi)
»
Spectrum
reference
number
10 10 1.8 386 Fig. 1.36
15 8 0.2 30 Fig. 1.37
ii 10 0.1 16 ■ -
30 ii 0.2 4.2 -
... -------- —---4.
Table 1.14 Experimental conditions for the homogeneous 
hydrogenation of alkenes using Wilkinson's 
catalyst
Substrate
Amount
of
sub­
strate
(y£)
Weight of 
catalyst 
(mg)
Volume
of
H 2"T2
mixture
(ml)
Radio­
activity
of
product(s) 
(mCi)
Spectrum
reference
number
styrene 60 5.1 1.8 40 Fig. 1.43
it ii 30 ii 120 -
4-Vinyl 
pyridine 20 10 1.8 98 Fig. 1.44
it ii 23 ii 230 -
Phenyl-3- 
propene 20 10 0.2 12 -
ii 30 30 ii 43 Fig. 1.45
ii 20 10 4 60
Cinnamic
acid 21 mg it 1.8 - 13 Fig. 1.46
4-Vinyl-
cyclohexene 40 ii 0.4 10 -
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Table 1.14 continued
4-Vinyl-
cyclohexene 40 10 1.8 18 -
IV 1 30 it 32 Fig. 1.47
I 1 10 n 20 -
(-)-Alprenolol 
tartrate 10 mg 5 0.9 32 -
1 1 30 It 100 Fig. 1.48
4,5-Dehydro- 
leucine 7.5 mg 10 1.8 20 Fig. 1.50
Fucose
intermediate 15 mg I 0. 9 30 Fig. 1.49
1.4 DISCUSSION
The heterogeneous hydrogenation of cinnamic acid using
3
T2 gas gives phenyl [2,3- H]propanoic acid.
C6H5 .CH=CH.COOH + T2 + C6H5 . CHT. CHT.COOH (1:1)
whereas with the H2~T2 mixture we have 
H 2 + T2 + 2HT (1.2)
CfiH . C H 2.CHT.COOH
C.H^.CH = CH.COOH + HT --
c 6h 5 .c h t .c h 2 .c o o h  (1.3)
This is shown most clearly in Figure 1.4 where there are two 
doublets centered at 62. 96 and 2.74 arising from the doubly 
labelled species and two additional singlets for the mono­
labelled species (62.94 and 2.76). This is confirmed in the 
resolution enhanced spectra (Figure 1.5 and 1.6). Equal 
labelling across the double bond has occurred whereas this is 
not always the case (see Table 1.15). The results in the Table 
show there to be more tritium incorporated into the 2-methylene 
position than into the 3-methylene position. The degree of 
non-symmetrical addition is most pronounced for the platinum
~ 35 -
Fig.1.4.
i
0
KJ \r-
Fig.1.6.
ii !
| j  j;
i i i
-U\J lAJ
3 3Fig.1.3- Hnmr spectrum(proton coupled) of phenyl[2,3~ H ] -
propanoic acid.
3 3Fig.1.4. Hnmr spectrum(proton decoupled) of phenyl[2,3- H]
propanoic acid.
Fig.1.5* Resolution enhanced spectrum(proton coupled) of
3
phenyl[2,3- H]-propanoic acid.
Fig.1.6 . Resolution enhanced spectrum(proton decoupled)of 
phenyl[213- H]-propanoic acid.
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Fig-1.7.
Fig. 1.8
Jl
Fig.1.9. Fig. 1 .10.
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Fig.1.7. Hnmr spectrum of styrene.
Fig. 1.8 . % n m r  spectrum of the hydrogenation product of styrene 
Fig.1.9. ^Hnmr spectrum (proton decoupled) of the partially 
hydrogenated product(s) of styrene.
Fig. 1 .10.^Hnmr spectrum (proton decoupled) of the fully 
hydrogenated product of styrene.
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Fig. 1 .12./
Fig.1.13
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Fi g . 1.11- HNmr spectrum of 4-vinyl pyridine.
3
Fig.1.12. HNmr spectrum of the fully reduced product of
4-vinyl pyridine hydrogenation.
-1
Fig.1.13. HNmr spectrum of the products of the partial
hydrogenation of 4-vinyl pyridine.
3
Fig. 1.l4. The corresponding Hnmr spectrum.
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3
Fig.1.15. HNmr spectrum of the partially reduced product of
OC-methyl styrene hydrogenation.
3
Fig.l.l6 . HNmr spectrum of the fully reduced product of 
OC-methyl cinnamic acid hydrogenation.
3Fig.1.17. HNmr spectrum of the fully reduced product of
cinnamyl alcohol hydrogenation.
3
Fig.l.l8 . HNmr spectrum of the fully reduced product of 
^-phenyl-3-buten-2 -one hydrogenation.
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Fig. 1 .20.
05 3 2
hydrogenation.
•5
Fig. 1.20. HNmr spectrum of the product(s) of OC-methyl
cinnamaldehyde hydrogenation.
3
Fig. 1.21. HNmr spectrum of the product(s) of cinnamyl 
chloride hydrogenation.
3Fig.1.22. HNmr spectrum of the product(s) of cinnamonitrile 
hvdroeenation.
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Fig.1.25•
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3
Fig. 1.23- HNmr spectrum of the product(s) of p-chloro-
cinnamic acid hydrogenation.
3
Fig.1.2k. HNmr spectrum of the product(s) of p-methyl-
cinnamic acid hydrogenation.
3
Fig. 1.2 5 . HNmr spectrum of the product of phenyl-butenoic 
acid hydrogenation.
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•3
Fig. 1.26. HNtnr spectrum of the fully reduced product of
phenyl-3-propene hydrogenation.
3Fig.1.27- Corresponding Hnmr spectrum of the partially
reduced form.
3
Fig . 1.28. HNmr spect rum of the fully reduced product of
alprenolol hydrogenation.
3
Fig. 1.29- Corresponding Hnmr spectrum of the partially 
reduced form.
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Fig.1.30. HNmr spectrum of kainic acid.
Fig.1.31• ^HNmr spectrum of the fully reduced product of
ainic acid hydrogenation.
3
Fig. 1.32. Corresponding Hnmr spectrum of the partially
reduced form.
3
Fig.1-33- HNrnr spectrum of kainic acid produced by isotopic
6F i g .1 * 3^ *
F i g .1-37*Fig.1.36.
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3
■Fig. 1.3^. HNmr spectrum of the fully reduced product of the
hydrogenation of the leucine intermediate.
3
Pig- 1*35* Corresponding Hnmr spectrum of the partially reduced
product.
3
Fig. 1.3 6 . HNmr spectrum of the fully reduced product of
isosafrole hydrogenation.
3
Fig . 1.3 7 . Corresponding Hnmr spectrum of the partially reduced 
produc t .
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Fig. 1.38 ^HNmr spectrum of the fully reduced product(s) of the
hydrogenation of the fucose intermediate.
Fig. 1.39 Corresponding ^Hnmr spectrum of the partially reduced
product(s )•
l'ig.1.40 ^HNmr spectrum of [^H]-fucose obtained by isotopic
exchange.
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Fig. 1 .4l. HNmr spectrum of the fully reduced productjs)
of 4-vinyl cyclohexene hydrogenation■
Fig. 1.42 Corresponding Hnmr spectrum of the partially 
reduced product(s).
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Fig.1.43 HNmr spectrum of the product(s) of styrene 
hydrogenation(homogeneous).
Fig. 1.44 -^HNmr spectrum of the product(s) of 4-vinyl 
pyridine hydrogenation(homogeneous).
^ S - l . ^ 5  ^HNmr spectrum of the product(s) of phenyl- 
3-propene hydrogenation(homogeneous).
Fig.1.46 HNmr spectrum of the product(s) of cinnamic 
acid hydrogenat ion(homogeneous) .
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Fig.l.47 
Fig - 1.48
Fig.1.49 
Fig.1.50
3
HNmr spectrum of the product(s) of 4-vinyl- 
cyclohexene hydrogenation(homogeneous).
3
HNmr spectrum of the product(s) of alprenolol 
hydrogenation(homogeneous).
3HNmr spectrum of the product(s) of the hydrogenation 
(homogeneous)of the fucose intermediate.
3
HNmr spectrum of the product(s) of the hydrogenation 
(homogeneous) of the leucine intermediate.
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catalysts, for which the reverse effect on distribution of 
tritium in the two carbon centres has occurred, in addition - 
incorporation into the benzene ring is also observed. All 
this suggested that there might be different mechanisms between 
palladium, rhodium, nickel catalysts and platinum catalyst 
on hydrogenation as proposed by Simon et al^11 .^ The 
highest total activity is obtained using palladium oxide on 
barium sulphate and this result is consistent with the findings
of Pri-Bar .
3Table 1.15 Distribution of tritium in phenyl [2,3- H]propanoic 
______________ acid - effect of varying the catalyst._____________
Catalyst
----------------------------------------------------------------------------------------------------------------------------------------------
3
H Incorporation (% relative)
2-Methylene J 3-Methylene Aromatic
j
(62.74) (62.96) (67.7)
5% Pd/C-A 50 50 -
5% Pd/C-B 52 48 -
5% Pd/CaC03 52.5 47.5 -
5% Pt/C 19.5 47 33.5
Pd0/BaS04 59 41 -
5% Rh/C 57.5 42.5 -
5% Pt/Al20 3 25 37.5 37.5
Raney Nickel 52 48 -
The hydrogenation of styrene using H2 gas should give 
ethyl benzene:-
CcH c .CH = CH0 + H0 + C-.H- . CH0 . CH0 (1.4)6 5  2 2 6 5 2 3
and this is shown to be the case (Figure 1.8) as the product gives
in the nmr spectrum a triplet at 61.2 for the methyl group, a 
quartet at 62.72 for the methylene hydrogens and an aromatic
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signal at 67.1. Replacing hydrogen with hydrogen-tritium
3mixture (excess) gives a product which gives the H nmr
spectrum in Fig. 1.10. Clearly labelling is confined to the
methylene and methyl positions but is uneven with something
like four times as much tritium in the methyl position as in
the methylene group. The ability of catalysts to induce
isotope exchange under hydrogenation conditions may well be
the reason for the observed unequal addition. When a smaller
amount of the hydrogen-tritium mixture than is theoretically
required to saturate fully the double bond is employed in
3 1the hydrogenation the H nmr ( H decoupled^Figure 1.9) spectrum
of the product(s) showed additional signals at 65.26 and 5.71
and these could be identified with the terminal methylene
position (cis and trans to the benzene ring) of styrene.
The radio-gas-liquid chromatography studies (Chapter 5)
confirmed this interpretation. These observations are
consistent with all the different catalysts and solvents
studied. Isotopic hydrogen exchange reactions are therefore
responsible for the observation of unequal labelling across
the double bond involving the following processes
RCH_ = CH„ T2 v PhCH_ = CHT T2 v PhCH T-CHTn (1.5) a 2 —-- £ a -----> a 2
It is notable that exchange at the proton at the substituted 
end of the double bond [H in equation (1.5)] was not observedcL
in the reaction. By contrast the labelled styrene had equal
amounts of tritium at both cis and trans positions with all
but the platinum catalysts (Table 1.16). In addition,
tritium incorporation at the aromatic ring and at the a-position
[Hi position] of the isotopic exchange styrene also occurred a
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when the latter catalysts were used in hydrogenation. 
Table 1.16 Distribution of tritium in the product(s) of 
the catalytic hydrogenation of styrene.
3H mcorporati on (% relative)
Ethyl benzene Styrene Others
Catalyst Ter­
minal
methyl
61.2
Methy­
lene
62,12
Methy­
lene
(trans)
65.26
Methy­
lene
(cis)
65.71
a-position 
66.1
Aromatic
5% Pd/C
(fully
reduced) 81 19
5% Pd/C
(Partially
reduced) 35 10 28 27 . j -
5% Pt/C 54 26 14 6 0.1 0.1
5% Pt/Al20 3 28 11 35 9 2 15
5% Rh/C 48 12 20 20 - -
Raney
Nickel 62 30 4 4 - -
5% Ru/C 37 9 27 27 — —
Decreasing the amount of gas used in the hydrogenation 
of styrene (Table 1.5) naturally led to a decrease in the 
amount of tritium incorporated. It was not possible under 
the experimental conditions used to achieve selective exchange 
of styrene at the expense of hydrogenation and this could be 
due in part to the fact that the latter reaction is surprisingly 
fast even at -76°C (Table 1.6).
When the basic styrene structure is modified either by
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the incorporation of other potentially reducible bonds or 
by other functional groups or substitutents some interesting 
findings were observed and these can best be treated on an 
individual basis.
4-Vinyl pyridine
The results (Figs. 1.12 and 1.14) are very similar to 
those obtained for styrene with uneven labelling at the 
methylene (62.8) and methyl (61.23) positions when the fully 
reduced product is obtained and isotope hydrogen exchange 
occuring when insufficient hydrogen-tritium mixture to effect 
complete reduction is used - signals at 65.58 (proton trans 
to the ring) and 6.06 (proton cis to the ring). The separa­
tion of the two products by radio-gas-liquid chromatography 
is difficult because of the closely similar boiling points 
(see chapter 5). Nevertheless, the results showed the reaction 
mixture to consist of the reduction product, 4-ethyl pyridine, 
and unchanged 4-vinyl pyridine.
4-Vinyl cyclohexene
The results (Fig. 1.41) suggest that both double bonds
3
are reduced as the H nmr spectrum shows four groups of 
signals, those at 60.98 and 2.18 signifying tritium present 
in the side-chain methyl and methylene groups whilst those 
at 61.4 and 1.6 signify reduction of the ring double bond.
Having observed the novel vinylic exchange under heterogeneous 
condition, it was of interest to investigate the nature of 
two competing double bonds by reducing the amount of gas 
mixture used. The results (Fig. 1.42) show evidence of 
isotopic hydrogen exchange in the side-chain (65.01-65.1) and 
a relatively smaller tritium peak at 65.82 (ring double bond).
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g-Methyl styrene
The results follow a similar pattern (Fig. 1.15) with 
the difference that a small amount of tritium is incorporated 
at the g-methyl position (signal at 62.15).
g-Methyl cinnamic acid
Consistent with those for g-methyl styrene, those for 
g-methyl cinnamic acid (Fig. 1.16) are similar to the results 
obtained for cinnamic acid with the difference that close on 
20% of the tritium is incorporated at the g-Methyl position 
(at 61.20).
Cinnamyl alcohol
The results (Fig. 1.17) are similar to those obtained for 
cinnamic acid although the signal at 61.9 is rather broad.
Cinnamaldehyde and g-methyl cinnamaldehyde
The results (Figs. 1.19 and 1.20) for both compounds 
have several common features and it is clear that the tritium 
is incorporated in many positions. Thus the signal at 69.7 
signifies tritium in the aldehyde group and at 6 8.1 , the 
benzene ring. Signals at 61.9 and 2.7 signify that the 
additional signals could be as a result of the reduction of 
the carbonyl group and or rearrangement reactions.
4-Phenyl-3-buten-2-one
Tritium addition across the double bond as well as 
exchange into the methyl group (62.48) has occurred (Fig. 1.18)
Cinnamyl chloride
3
The H nmr spectrum (Fig. 1.21) consists of six strong 
lines and can be rationalised in terms of the following 
reactions:
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62.12 62.01 (1.6)
C^Hr-.a^CH.CH^CJi 6 5 2 * C,Hc.CH=CH.CH0T 6 5 2
61.7
C^Hc.CHT.CHT.CHnT 6 5 2
62.62 61.35 60.9
Clearly dehalogenation competes very effectively with tritium 
addition to the double bond.
Cinnamonitrile
even incorporation of tritium across the double bond. There 
is no evidence that any reduction of the C=N bond has taken 
place.
P-Chloro cinnamic acid
Most of the tritium has been incorporated across the 
double bond (Fig. 1.23) although the small signal of 67.2 
signifies that some dehalogenation has taken place.
P-Methyl cinnamic acid 
3The H nmr spectrum (Fig. 1.24) shows three strong lines, 
two at 62.76 and 2.9 8 reflecting tritium addition across 
the double bond and the other at 62.34 exchange at the methyl 
group.
3The H nmr spectrum (Fig. 1.22) shows very specific and
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Phenyl-butenoic acid
Most of the tritium (Fig. 1.25) is located in the desired 
product, CgH2-CH2.CHT.CHT.COOH although the weak signals at
62.34 signifies a small amount of incorporation at the 
benzylic position.
For the studies on biochemically important alkenes
phenyl-3-propene (3) was chosen as structurally similar to
(-)-alprenolol tartrate (14), an 3-adrenexgic antagonist,
3
The H nmr spectrum obtained (Fig. 1.26) showed three strong 
signals at 60.95 (3-methyl), 61.62 (2-methylene) and 62.55 
(1-methylene). In view of previous results the rather even 
addition of tritium across the double bond was rather surprising. 
Tritium incorporation in the benzylic position probably occurs 
by double bond migration and this viewpoint finds support in 
the results obtained when the amount of hydrogen-tritium 
mixture is reduced (Fig. 1.27). Additional signals appear 
at 61.9, 5.2 and 6.3 (not shown) consistent with the formation 
of the following tritiated species:-
CcHc•CH0.CT = CHT 6 5 2
66.3 65.2
C^Hc.CH = CH.CH^T 6 5 2
61.9
For (-)-alprenolol tartrate itself a product of very 
high total activity is obtained (Table 1.8) and the spectrum 
(Fig. 1.28) is rather different to that obtained for 
phenyl-3-propene for the now usual, uneven addition of tritium
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across the double bond (60.87 and 1.53) appears, tf'his implies
that a greater amount of vinylic exchange might take place.
Reduction of (-)-alprenolol tartrate with less than saturating
amounts of the hydrogen-tritium mixture gave products whose 
3H nmr spectrum (Fig. 1.29) indicates that vinylic exchange in 
conjunction with the known processes of allylie and benzylic 
exchange and double bond migration contribute to the final 
labelling pattern . When the catalysts are altered it is found 
(Table 1.17) that the tritium distribution remained unchanged 
for all three palladium catalysts but that the 5% Pt/C catalyst 
has given a more even addition across the double bond.
Table 1.16 Distribution of tritium in dihydro-alprenolol- 
effect of varying the catalyst.
3
H Incorporation (% relative)
Catalyst 1-Methylene 2-Methylene 3-Methyl
(62.58) (61.53) (60.87)
5% Pd/C-A 7 23 70
5% Pd/C-B 4 21 75
5% Pd/C-C 6 22 72
5% Pt/C 5 39 56
The catalytic hydrogenation of kainic acid (15) , a
potent neurochemical, gives rise to dihydrokainic acid the
3sodium salt of which gives the H nmr spectrum in Figure 1.31. 
There are two signals only, that at 60.9 due'to tritium in 
the methyl group and that at 61.5 due to the methine. The
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ratio of tritium in both groups is close to the value of 
6:1. The methyl group signal is split into two and this 
together with the very high total activity obtained (Table 
1.10) suggests that the product of the reaction is (a) .
X X = residue of
| molecule
CT (A)
T 3C c t 3
Clearly tritium in one of the methyl groups has been introduced
by isotopic hydrogen exchange and this is confirmed by
the results of experiments employing a lower amount of the 
hydrogen-tritium mixture (Figure 1.32). New signals - 
a doublet at 64.82 and 5.02 and a large singlet at 61.86 
appear and a comparison with the nmr spectrum (Fig. 1.30) 
shows that these can be assigned to the vinylic group and the 
a-methyl group. As the amount of the hydrogen-tritium 
mixture is reduced still further (Table 1.10), the proportion 
of the exchange product (B) increases to the extent that it 
ultimately becomes the sole product (Fig. 1.33 and Table 1.18).
64.82
61.86 H 65.02
(B)
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Table 1.18 Distribution of tritium in the product(s) of 
the hydrogenation of kainic acid.
Amount of 
H2-T2 mixture 
used (ml)
Reduction Exchange
3
[ H]Dihydrokainic 
acid
[^H]Kainic acid
Methyl Methine Methyl Methylene Methylene
(60.9) (61.4) (61.8) trans(64.8) Gis (65.02)
00•
H
85 15 - - -
0. 4 25 3 38 17 17
0.2 37 4 43 8 8
0.06 2 - 60 19 19
0.025 1 - 6 3 18 18
Similar results to the kainic acid study were obtained 
when the leucine intermediate (16) was hydrogenated. In 
the fully-reduced product (Fig. 1.34) the tritium distribution 
in the methyl and methine positions was again close to 6:1 
and when the amount of ^ - ^ 2  gas mixture was reduced 
(Table 1.11) additional signals characteristic of exchange 
at the a-methyl (61.74) and vinylic position (64.9) appeared.
The fucose intermediate (17) in which the exchangeable 
hydrogens are blocked, is expected on reduction and subsequent 
deprotection, to lead to two steroisomers which can be 
separated by paper chromatography.
(17) D-deoxyaltrose L-fucose
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3
The H nmr spectrum of the derived L-fucose (Fig. 1.38) 
shows that nearly 95% of the tritium is located at the C-6
methyl group (61.04) and the rest at the C-5 methine (64.04).
This extreme example of unequal labelling across a double 
bond together with the high total activity attained (Table 1.12) 
strongly suggests that exchange processes are again important
and this is borne out by the results of experiments in which
the amount of ^ - ^ 2  gas mixture was reduced. Additional 
signals (doublet at 64.9) appear (Figure 1.39) and in the 
extreme case, where the reaction time was reduced to 30 min. 
exclusive exchange occurs (Fig. 1.40).
For the studies on isosafrole, the results (Fig. 1.36)
show that uneven addition across the double bond occurs as
well as some incorporation into the methyl position. The 
3
H nmr (Fig. 1.37) of the partially reduced product(s) shows 
the appearance of additional signals and the results as a 
whole suggest that all of the following species are produced:-
r -c h t .c h t .c h 2t
0 ^ f^ \ 1 reduced product
61.35 2.28 0.84
R-CH=CT-CH0T , , .2 exchange product
65.04 1.68
R-CH2~CH=CHT exchange and
65.64 double bond
65.98 migration product
In the previous cases studied, it is notable that 
exchange at the proton at the substituted end of the double 
bond was not observed. However in isosafrole which has 
methyl substitution at the terminal position, a small amount
R =
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amount of exchange can be observed at the remaining terminal 
proton (65.04).
The homogeneous hydrogenation results (Table 1.14 
and Figs. 1.43 - 1.50) lead to the following conclusions:-
1. Although the specific activities tend to increase with 
increasing catalyst concentration they are in general a good 
deal lower than these obtained using heterogeneous catalysts.
2. The pattern of labelling is invariably similar to that 
observed using heterogeneous catalysts.
3. Much more even addition of tritium across the double 
bond occurs, implying that exchange reactions are less 
important than for heterogeneous catalysts.
4. There is in several instances evidence of multiple labelling. 
Presumably the exchange reaction H2+T2 2HT is a good
deal slower under these conditions.
It is clear from the above results that the technique 
of deliberately under-reducing a substrate can be a useful 
general tool for studying the mechanism of any catalytic 
hydrogenation where more than one process is simultaneously 
occurring.- Exchange at terminal vinylic positions may well 
be the reason for the observed non-symmetrical addition and
multiple labelling. The results also illustrate the power
3 . . .of H nmr spectroscopy and radio-gas-liquid chromatography as
a combined analytical tool in studies of catalysis as well as 
indicating a way of increasing the specific activities of 
tritium-labelled compounds.
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2.1 INTRODUCTION
One of the most commonly used methods for introducing 
a tritium atom into organic compounds is by means of catalytic 
dehalogenation in the presence of tritium g a s \  Amongst 
the wide range of compounds that have been labelled in this
way are peptides, proteins, nucleotides and nucleosides, and
2 . . .amino acids . In principle catalytic dehalogenation is
similar to hydrogen isotope exchange, the main difference 
being that the tritium atom replaces a halogen rather than a 
hydrogen atom,
RX + T2 .-?atalyst> RT + TX (2.1)
3
The formation of TX results m  poisoning of the catalyst and
to overcome this it is usually necessary to add a proton
acceptor such as potassium hydroxide, triethylamine or barium 
4 5carbonate ' .
Catalytic dehalogenation usually proceeds under very mild
2 . .conditions leading to a specifically labelled compound at
high specific activity. There are however several 
6 7 8instances ' ' , notably the case of 3 1, 5 1-dibromofolic acid
when an unexpected pattern of labelling occurs. It was
shown that in addition to label at the 3 1, 5 1-positions a
substantial proportion appeared at the 7- and 9-positions.
The range of solvents that can be used is large and palladium
2
on a suitable support is frequently used as catalyst . In 
contrast to metal catalysed exchange reactions where both 
homogeneous and heterogeneous catalyst can be employed, 
dehalogenation is usually restricted to heterogeneous 
conditions^. The ease of halogen replacement by tritium 
decreases in the order I>Br>C£>F, paralleling the changes in
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3
the C-X bond strength . As for the substrate structure,
experience shows that halogen replacement in benzyl halides
occurs most readily with alkyl, ihalides being the most difficult;
. . 4
aryl halides occupy an intermediate position .
Although catalytic dehalogenation has been widely used 
in the synthesis of tritiated compounds mechanistic investi­
gations tend to have been neglected. In addition, many of 
the reactants used are capable of other reactions, for example 
isotope exchange on hydrogenation, under the catalytic 
dehalogenation conditions employed and it is consequently of 
some importance if the nature and rate of competing reactions, 
the selectivity of the catalyst, the relative rate of
displacement in multi-halogen substituted compounds can be 
3investigated. H Nmr spectroscopy is an ideal tool for such 
studies and this is the subject of the present investigation.
2.2 EXPERIMENTAL
2.2.1 Materials
All the substrates were either purchased commercially 
or kindly supplied by Amersham International. When 1,4-dioxan 
was used as the solvent it was first of all passed through an 
activated alumina column in order to remove any peroxides 
present as well as the stabiliser. Details of the catalysts 
are as given in Chapter 1.
2.2.2 Procedure
The compounds used fall into four categories, those 
containing bromine and a double bond, various bromo-derivatives 
of phenylalanine, various bromo- and chloro-substituted uracils 
and adenines, and finally various bromo-substitutediaceto- 
phenones. The experimental procedures will therefore be
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described in relation to these categories.
2,2,2 (a) Dehalogenation of compounds containing bromine
and a double bond.
In all cases the standard tritiation procedure
discussed in Chapter 1 was used. Briefly, a solution of
the halide, catalyst and solvent containing a base was
subjected to reaction with a **2 ^ 2  mixture (10:1) for several
hours, at the end of which the remaining gas mixture was
pumped off, catalyst removed, the solution acidified (usually
acetic acid or hydrochloric acid) and any labile tritium
removed by washing three times with methanol. Finally the
solvent was rotar^ evaporated to dryness and the radioactivity
of the product determined using NE 250 liquid scintillator.
The sample was then dissolved in a deuteriated solvent, for
3
example,deuteriochloroform, prior to H nmr analysis. The 
compounds used were 3,5-dibromoalprenolol (1) various bromo- 
substituted styrenes (2,3) , cinnamic acids (4,5) and 
trans-dibromobutene-1 ,4-diol(6).
OH
0CHoCHCHoNHCH (CH-)
(1) (2)
CHFCHBr
(3)Br
CH=CH.COOH
Br
/c = c
Br
c h 2-o h
X
(6)
(4) X = H, Y = Br
(5) X = Br, Y = H
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2.2*2 (b) Dehalogenation of phenylalanine derivatives.
The compounds used were 2,6-dib.romo,—  D,L-phenylalanine 
hydrochloride (7), 2,4,6-tribromo-r- D,L-phenylalanine 
hydrochloride (8) and ethyl-2-acetamido-2-carbethoxy-3 
(2,,3,/4 ,f5 ,/6'-penta-bromo)phenylpropionate (9),
NH COOEt
2
CHoCHC00HC&
Br
Br
X
CH
Br
Br
/  :
C — NHAc
^ C O O E t
(7) X = H (9)
(8) X = Br
Typically the substrate (4mg), catalyst, solvent and base
were stirred with H2 :T2 mixture (10:1) for several hours.
After removal of catalyst and labile tritium the product was
taken up in water (10 ml) and sodium carbonate solution
(1M,2.5 ml) and the mixture refluxed for 4 hrs. On cooling
the solution was neutralised (2MHC&, 1 ml) and rotary
evaporated to dryness. After measuring the radioactivity
3
samples were prepared for H nmr analysis using D20 or 
CH^OD as solvent. In some cases resolution enhanced spectra 
were obtained.
2.2.2 (o) Dehalogenation of substituted uraoils and adenines
The uracils used were 5-iodouracil (10) 6-chlorouracil 
(11) and 5-bromo-6-chloro-uracil (12) and a typical catalytic 
procedure in each case was as follows:-
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0 (10) X = I Y = H
H X
(11) X = H Y = C&
0 Y (12) X = Br Y = C&
H.
5-Ioaouracil (10)
A mixture of 5-iodouracil (5mg), catalyst (10% Pd/CaCOg
15-25 mg), 1,4-dioxan (1 ml)and 0.1M NaOH (1 ml) was stirred
in the presence of 2 ml of the ^ ^ 2  (10:1) gas mixture for
1 hour. The catalyst was filtered off, the solution neutralised
and washed with warm water, the solvent removed and the product
assayed for radioactivity prior to making up a deuterium oxide
3based solution for H nmr analysis.
6-Chlorouracil (11)
The compound (5 mg) was gently warmed in a sodium 
hydroxide (2M, 100y£) - water (lOOyi) - 1,4-dioxan (1 ml) 
solution and subsequently stirred in the presence of a 10% 
Pd/CaCO- catalyst (20 mg) and a H9:T9 mixture (2 ml; 10:1)
for 1 hour. On completion the catalyst was filtered off 
and the solvent removed by rotary evaporation. Warm water 
(2 ml) was added to remove labile tritium and then removed 
by freeze-drying. Hydrochloric acid (2M, 2 ml) and anti­
bumping granules were then added and the mixture refluxed 
for 2 hrs. The final pH was adjusted to 7 using a sodium 
hydroxide solution (1M) and the solution once again subjected
to freeze-drying. The radioactivity of the product was
3
determined and the sample prepared for H nmr analysis (D2O 
solvent) .
5-Bromo-6-chlorouracil (12)
The compound (6 mg), catalyst (10% Pd/CaCO^/ 10 mg) ,
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dioxan (1.8 ml) and sodium hydroxide solution (3M, lOOyil) was 
stirred in the presence of 2 ml of the H2-T2 mixture (10:1) for 2 
hours. On completion excess gas was removed and the catalyst 
filtered off. The solution was rotary evaporated to dryness 
in a water bath at 25°C. After determining the radioactivity
using NE250 liquid scintillator the product was dissolved in
3 .deuterium oxide prior to H nmr analysis.
The results for the uracil tritiations are summarised 
in Table 2.5. The two adenine compounds used in the work 
were 8-bromoadenine (13) and 2,8-dichloroadenine (14) and 
the procedures used in these two cases were as follows:-
NH
Br
H
(13)
8-Bromoadenine
The compound (5 mg), catalyst (10% Pd/CaCO^, 10 mg), **2-^2
mixture (10:1> 2 ml) and.sodium hydroxide, solution (0.1M, 1.4 ml)
were stirred for. 2 hours. On completion the catalyst was
filtered off and the product,washed with water (10 ml) . Acetic
acid solution (2M, 50u&) was added to neutralise the base before
rotary evaporation of the solvent. A final washing with water was
made prior to determining the radioactivity which came to 
3
74mCi. The H nmr of the product is given in Figure 2.22 
(D20 as solvent).
2,8-Dichloradenine
The compound (4mg), sodium hydroxide solution (0.1M, 1 ml),
NH
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catalyst (10% Pd/CaC0g, 18 mg) and the HgJTg mixture (2 ml, 
10:1) were stirred for 5 hours. On completion excess gas was 
pumped off, catalyst filtered and the solution washed with warm 
sodium hydroxide solution (0.1M, 25 ml) before filtering again 
through a glass fibre filter paper disc previously soaked in 
sodium hydroxide solution. After adjusting the pH of the 
solution to 7 by adding 2M acetic acid solution the solvent 
was rotary evaporated to dryness at 30°C. The total radio-
3
activity came to 7mCi and the H nmr is given in Figure 2.2.3 
(DgO as solvent).
2,2,2 (d) Dehalogenation of substituted aoetophenones,
The procedure used was similar to that adopted in the 
tritiation of 3,5-dibromoalprenolol and the experimental 
conditions and radioactivity of the product(s) are summarised 
in Table 2.6.
2,3 RESULTS
These are presented in the following Tables and in 
Figures 2.1 to 2.21.
Table 2.1. Experimental conditions for the catalytic 
tritiation of 3,5-dibromoalprenolol (1). 
solvent = ethanol Base = Triethylamine
Catalyst
Weight
of
Catalyst
(mg)
Amount of 
base used
(y£)
Volume 
of H2 :T2
mixture
(ml)
Reaction
Time
(hrs)
Total
radio­
activity
of
Product
(mCi)
Spectrum
reference
no.
5% Pd/C 8 200 2 2 160 Fig.2.3
5% Pd/BaS04 4 400 2 2 250
5% Pd/C 10 200 1.8 10 mins. 140
5% Pd/C 8 200 0.3 20 mins. 50 Fig. 2.5
5% Pd/C 10 200 0.5 2 180
/continued ..
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Table 2.1 (continued)
5% Pd/C 5 — 1.8 2 40
5% Pt/C 8 200 2 2 20
5% Rh/C) 18
+ ) + 200 1.8 12 30 Fig.2.4
Pt°2 ) 2
Freshly
prepared 200 300 1.8 3 12
Raney Nickel
Wilkinson1s 30 200 1.8 2 150 Fig.2 .6
Catalyst
Table 2.2. Experimental conditions for the tritiation of various 
bromo-substituted styrenes and cinnamic acids.
Solvent = Chloroform Base = Triethylamine
(unless stated otherwise)
Substrate
Catalyst
used
and
weight
(mg)
Amount 
of base 
used(y£)
Volume 
of H2 :T2
mixture
(ml)
Reaction
Time
(hrs)
Total
radio­
activity
of
Product
(mCi)
Spectrum
reference
no.
4-Bromo-
Styrene
5% Pd/C 
20
200 1.8 2 12
n it H ii 14 280 Fig.2.7
3-Bromo-
styrene
10 n 2.8 3 13
H 25 ii 2.2 14 280 Fig.2.8
4-Bromo-
cinnamic 10 ii 1.8 2 420 Fig.2.9
acid
H 20 ii 0.5 1.25 80
i 5% Pd/CaCc 
20
~ 3% KOI 
in Me( 
1.8
I
DH 1.8 1.75 150
;t ii ii ii 6.0 420
3-Bromo-
cinnami c 30 200 0.7 1.25 60
acid
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Table 2.3. Experimental conditions for the catalytic tritiation 
of trans-dibromobutene-1,4-diol,.
Solvent = MeOH? Base = Triethylamine
(unless stated otherwise)
Catalyst used 
and weight (mg)
Amount of 
base used 
(y&)
Volume of
H2 :T2
mixture
(ml)
Reaction
time
(hrs)
Total 
radioactivity 
of product (mCi)
5% Pd/C 
15
200 0.5 2 100
8 200 0.3 1 25
5% Pd/CaC03 
20
3% KOH in 
MeOH
1.8 1.8 1.75 80
Table 2.4. Experimental conditions for the catalytic tritiation 
of phenylalanine derivatives. Solvent = MeOH.
Substrate
Catalyst 
used and 
weight(mg)
Volume of
H2:T2 
mixture(ml)
Reaction
time
(hrs)
Total
radio­
activity
of
product
(mCi)
Spectrum
reference
no.
7 5% Pd/CaCO- 
12 J 3.6 4 148 Fig. 2.11
it Raney Nickel 
100
1.8 11 6
8 5% Pd/CaCO- 
10 J
1.8 3 120 Fig. 2.12
it ii 1.8 0.75 160
ii it 0.5 4 120
a ii 0.35 A 38
ii ii 0.075 4 2
ii 5% Pd/C 
Triethylamin 
200y£ |
e 1.8 3 96
/continued
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4+ m *1 \ wwil UXli UwVi/
9 10% Pd/CaCO- 
10 mg
0.1 1 12 Fig. 2.17
1 1 0.4 15 80
1 1 0.9 2 100 Fig. 2.15
1 it 1.8 2 70
1 1 1.8 5 280 Fig. 2.13
1 1 0.4 72 70
Table 2.5. Experimental conditions for the catalytic tritiation 
of substituted uracils. Solvent = 1,4-dioxan
Substrate
Catalyst 
used and 
weight(mg)
Reaction
time
(hrs)
Total radioactivity of 
Product (mCi)
10 10% Pd/CaC0- 5 180
H \ 20 J
I 15 1 40
I 25 2 114
11 20 1 140
12 1 it 240
Table 2.6. Experimental conditions for the catalytic tritiation 
of bromo-substituted acetophenones.
Solvent = Chloroform; Base = Triethylamine?
Volume of mixture (10:1) = 2 ml.
Substrate
Catalyst 
used and 
weight(mg)
Amount of 
base 
used (y&)
Reaction
time
(hrs)
Total
radio­
activity
of
product
(mCi)
Spectrum
Reference
no.
2-Bromo-
acetophe-
one
5% Pd/C 
18
- 6.5 6
1 5% Pd/CaC03 250 3 170
/continued on p. 81
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T0 s 7 6 5 3 24
0 627 6 35 8 7 56 3 2c.
Fig,2.1- HNmr spectrum of 3,5-dibromoalprenolol.
Fig.2,2. HNmr spectrum of the reduced product of 3 ,5 -dibromo­
alprenolol,. 
o
Fig-2-3- HNmr spectrum(proton decoupled) of the reduced product 
of 3 ,5-dibromoalprenolol-
Fig,2.^. HNmr spectrum(proton decoupled) of the double bond
(side chain) reduced product of 3 ,5-dibromoalprenolol.
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T1T7 T6 o £3 2 17 6 58 t3 2L
3
Fig.2*5- HNmr spectrum(proton' decoupled) of the partially 
reduced product(s) of 3 ,5-dibromoalprenolol.
3
Fig.2.6 . HNmr spectrum(proton decoupled) of the reduced products
of 3 ,5-dibromoalprenolol with Wilkinson's catalyst.
3
Fig.2.7* HNmr spectrum(proton decoupled) of the partially 
reduced product(s) of 4-bromostyrene.
3
F i g . 2 .' 8 . HNmr spectrum (proton decoupled) of the partially 
reduced product (s) of OC-bromostyrene .
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F i g , 2. 10
F i g  . 2 -i 1 F i g . 2 . 12
K
9 8 7 9 8 7 6 5
*5
Fig.2.9- HNmr spectrum(proton decoupled) of the reduced product
of 4-bromo-cinnamic acid.
Fig.2 -10. ^HNmr spectrum(proton decoupled) of the dehalogenated
product of trans-dibromobutene-1 ,4-diol.
o
Fig.2. 1 1 . HNmr spectrum(proton decoupled) of the tritiated 
product of 2 ,6 -dibromophenylalanine.
o
Fig.2 .1 2 . HNmr spectrum(proton decoupled) of the tritiated
product of 2 ,k,6 -tribromophenylalanine.
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Fig .2. 13
T T
7
T
68
Fi 2 .
9 8 7 6 5o
Fig.2.13* HNmr spectrum(proton decoupled) of the tritiated 
product of ethyl-2-actamido-2-carbethoxy-3(2 1,3 ' ,
4 1 ,5 ' ,6 '-penta-bromo)phenylpropionate.(9 )«
Fig.2.l4. Resolution enhanced tritium nmr spectrum of Fig.2.13*
o
Fig.2.15* HNmr spectrum(proton decoupled) of the partially 
reduced product(s) of the tritiation of (9 )-
o
Fig.2 .l6 . Resolution enhanced H nmr spectrum of Fig.2.15-
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T
7
T
6
X
5
T
9 8
3 256 67 A9 8
o
Fig.2*17- HNmr spectrum(proton decoupled) of the tritiated
product(s) of (9 ) using a shorter reaction time.
3
Fig.2 .l8 . Resolution enhanced H nmr spectrum of Fig.2.17-
3
Fig.2.19- HNmr spectrum (proton decoupled) of the tritiated 
product of 5~iodouracil.
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Fig.2.20
69 8 7
Fig-2.21.
~~Y~~
Fig.2.22.
o
Fig.2.20. HNmr spectrum(proton decoupled) of the tritiated
product of 6-chlorouracil.
3
Fig.2.21. HNmr spectrum(proton decoupled) of the tritiated
product of 5-kromo-6-chlorouracil.
Fig.2.22. HNmr spectrum(proton decoupled) of the tritiated
product of 8-bromoadenine.
3
Fig.2.23. HNmr spectrum(proton decoupled) of the tritiated 
product of 2,8-dibromoadenine.
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Fig.2.24
Fig.2 •25
“T-------------------- 1------------------- 1 ---------  ?
6
“I-----------1----------- 1
Fig .2.-26
A.
T T T
Fig.2.2k. ^HNmr spectrum(proton decoupled) of the tritiation 
product of 4-bromoacetophenone with no addition of 
acid acceptor.
Fig. 2.25- ^HNmr spectrum(proton decoupled) of the tritiation 
product of 4 -bromoacetophenone with addition of 
acid acceptor.
Fig.2.2 6 . ^HNmr spectrum(proton decoupled) of the tritiation 
product of 4-bromoacetophenone with excess amount 
of acid acceptor.
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Table 2.6 (continued)
3-Bromo-
acetophe-
one
5% Pd/C 
15
— 6.5 42
ii 5% Pd/CaCO- 
15 J
100 3 100
ii ii 400 4 150
4-Bromo
acetophe-
one
5% Pd/C 
15
6.5 40 Fig. 2.24
ii 5% Pd/CaCO, 
15 J
100 3 120 Fig. 2.25
H ii 20 ii 130
ii ii 250 ii 250
it n 400 ii 400 Fig. 2.26
H Wilkinson1s 
Catalyst 
30
200 ii 200
2.4 DISCUSSION
A comparison of the nmr spectrum of 3,5-dibromo­
alprenolol and that of the product formed from the catalytic 
reaction using hydrogen only (Figures 2.1 and 2.2) shows that 
the double bond has been reduced (absence of signals at 65.08 
-5.16, and 65.8-6.2) and that the pattern of the tetra- 
substituted aromatic signals (66.75, 7.3) has changed into a 
di-substituted aromatic pattern. With a palladium catalyst 
and hydrogen-tritium mixture the results (Figure 2.3) show 
(a) unequal addition across the double bond (3-methyl-60.87, 
and 2-methylene-1.53) , (b) double bond migration product 
(1-methylene-62.58) and (c) bromine replacement (aromatic-66.88). 
The uneven addition is no doubt due to isotope exchange as 
witnessed previously (see Chapter 1) and this is shown very 
clearly in Figure 2.5 (3-methylene-65.2, 2-methine-66.1, and
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double bond migration 3-methyl-61.9) where the volume of the 
hydrogen-tritium mixture has been greatly reduced. It was 
not possible under the experimental conditions used to 
achieve selective dehalogenation at the expense of hydrogenation 
and there was no evidence of differing rates between the two 
reactions even in a very short time (i.e. 10 minutes) whereas 
with the freshly prepared Raney nickel catalyst and with 
the mixed catalyst (5% Rh/C and PtC^) only tritium addition has 
taken place (Figure 2.4). In the case of Wilkinson's 
catalyst (Figure 2.6) very even addition across the double 
bond has occurred and there was clear evidence of double 
labelling as a result of the fairly slow reaction H2+T2_,‘2HT 
under these conditions. For this catalyst there was also no 
evidence of any bromine replacement.
The results for 4-bromostyrene (Figure 2.7) show evidence 
of (a) addition across the double bond, (b) isotope exchange 
at the terminal = CH2 group and (c) bromine replacement 
whereas with the 3”bromostyrene (Figure 2.8) the last step is 
unimportant. In both cases, despite the reactions proceeding 
for 14 hours, the levels of bromine replacement remained 
fairly constant and no fully hydrogenated product obtained.
In contrast the results for 4-bromo-cinnamic acid ,(Figure 2.9) 
show that bromine replacement competes very effectively with 
the other reactions. When further substitution of the double 
bond occurs, as in the case of trans-dibromobutene-1,4-diol, 
bromine replacement is favoured at the complete expense of 
the other reactions. It is believed that some double bond 
hydrogenation would occur eventually but this is not observed 
after two hours of reaction.
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In the work on the phenylalanines it was of interest to 
compare the reactivity of the bromine atoms in multi-halogen 
compounds. The results for 2,6-dibromophenylalanine 
(Figure 2.11) give a single signal at 67.23 whereas with 
2,4,6-tribromophenylalanine two signals at 67.23 and 7.21 
appear, the latter corresponding to the 4-position. With 
ethyl-2-acetamido-2-carbethoxy-3(2,,3,,4',5I,6I-penta-bromo) 
phenyl propionate (Fig. 2.13) two peaks of equal intensity 
are obtained with 67.23 (2,6 positions) and 67.29 (3,5 position). 
The implication is that no bromine loss from the 4-position 
occurs but this may be an oversimplification as in the 
resolution enhanced spectrum (Fig. 2.14) two small additional 
signals signifying either partially reduced or decomposition
products appear. When as in previous work the reaction time and
. . 3the amount of hydrogen-tritium mixture was reduced the H nmr
spectrum (Fig. 2.15, resolution enhanced Fig. 2116) shows 
that the levels of bromine replacement at the 3,5-position 
(67.29) becomes lower. These results when taken together 
suggest the reactivity order 2,6>3,5>>4. When an even smaller 
gas mixture and shorter reaction time was used the results 
(Fig. 2.17 and Fig. 2.18) become a good deal more complicated, 
implying that several tritiated intermediates were formed in 
the reaction.
In view of whether differing rates of displacement for 
the different halogens could be observed it was of interest 
to investigate this aspect using halogen substituted uracils 
and adenines. The results for the halogenated uracils are 
not as clear as for the previous work. Thus whilst chlorine 
replacement in 6-chlorouracil leads to a specifically labelled
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3product [6- H]-uracil, (Fig. 2.20) in the case of 5-iodouracil
3
there are other products as well as [5- H]-uracil. When 
5-bromo-6-chlorouracil was subjected to catalytic dehalogenation 
approximately the same amount of tritium was incorporated in 
the 5- and 6- positions (Fig. 2.21). The tritiation of 
8-bromoadenine and 2,8-dichloroadenine leads (Figs. 2.22 and 
2.23) to tritium incorporation at the required position but 
also at additional ones. This work could conceivably be 
the subject of more detailed study.
For the bromine replacement in the various acetophenones 
(Table 2.6) the most interesting aspect was investigating the 
effect of added triethylamine. In all cases the radioactivity 
of the product was improved as the concentration of base was 
increased but more significantly this had an ordering effect. 
Thus Fig. 2.24 shows that specific incorporation at the methyl 
position occurs when no triethylamine is used but that with 
lOOyJl of base tritium incorporation in the ring is favoured 
(Fig. 2.25) until with 400y£ nearly exclusive tritium 
incorporation in the ring takes place. Again, when 
Wilkinson's catalyst was used no bromine replacement.takes 
place.
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3 . 1. INTRODUCTION
The need to be able to synthesise tritium-labelled
compounds of very high specific activity has led to increasing
work being carried out on precursors containing a double 
1 2bond ' . A logical extension of this study would be to 
investigate compounds containing a triple bond and the 
simplest of these is phenylacetylene. In theory it should 
be possible to introduce four tritium atoms to give a 
product, ethyl benzene, with a specific activity of 
approximately 120Ci/m mole. This reaction is also of
historic importance as it was on ethyl benzene prepared in
3 . 3this way that Tiers et al obtained one of the first H nmr
spectra. In view of the simplicity of the phenylacetylene
molecule it seemed to be a good choice for studying the
4 5behaviour of triple bonds under hydrogenation conditions ' 
and in view of our earlier studies on compounds containing 
double bonds it seemed very relevant. In particular it 
was of interest to investigate the possibility of exchange 
occurring at the terminal acetylenic proton and the distri­
bution of tritium in the products formed.
Previous studies on the hydrogenation of phenylacetylene
have examined various aspects of the kinetics including the
0
importance of the solvent . Other work, mainly by Russian
workers, has concentrated on the behaviour of the catalysts,
7 8 6
both homogeneous'and polymer-bound varieties as well as the
more usual heterogeneous type^. There were indications'^'
from the range of products obtained, that the reaction was
more complicated than expected from the simple reactions
H2 H 2
Ph.C=CH ------> Ph.CH=CH2 ----> Ph.CH2.CH3.
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This also provides a good reason for studying the reaction
3
using the techniques of H nmr spectroscopy and radio-gas- 
liquid chromatography as these have distinct advantages in 
terms of sensitivity over some of the other methods that 
have been employed.
The approach adopted in the present study was very 
similar to that adopted in other chapters. First of all 
the hydrogenation of phenylacetylene was studied using 
sufficient hydrogen to ensure complete saturation of the 
triple bond. The latter was then replaced by a mixture 
of hydrogen and tritium and the hydrogenation studied 
using different volumes (at atmospheric pressure, in all 
cases) of the mixture so that the labelling pattern could 
be investigated under conditions of excess gas and also when 
insufficient gas was presented to complete the reaction. 
Radio-gas-liquid-chromatography was also used to try and 
identify the products formed as in theory at least the number
could be greater than in the case of styrene (see Chapter 1).
3.2 EXPERIMENTAL
3.2.1 Materials
Phenylacetylene was commercially available and its 
purity was checked by nmr spectroscopy (Figure 3.1).
Details of the catalysts are as given previously (Chapter 1).
For radio-gas-liquid chromatography a 3 metre 5% OVI 
chromosorb G column was used and a microprocessor - controlled 
temperature programming operation employed.
3.2.2 Procedure
The hydrogenation of phenylacetylene was performed 
under atmospheric pressure using the standard tritiation
- 90 -
procedure (see Chapter 1). Three tritiation experiments 
were carried out under conditions where more gas was used 
than was necessary to effect complete reduction. The 
conditions used in the first experiment were virtually the 
same as those employed by Tiers et. al. and in the second 
and third the ratio of hydrogen and tritium was varied.
In view of the possibility that more than one product 
was formed purification was effected by adding inactive 
ethyl benzene (200y£) to the radio-active product (20\il,
120 mCi) and a micro-scale distillation carried out. The 
fraction boiling in the range 138-145°C was collected.
All the subsequent experiments using heterogeneous 
catalysts and homogeneous Wilkinson's catalyst were carried 
out using a smaller amount of the hydrogen-tritium mixture 
than would be required to effect complete reduction. In 
all cases the radioactivity of the product(s) was determined 
by liquid scintillation counting and CDCJlg was used as nmr 
solvent.
3.3 RESULTS
The conditions used in the hydrogenation of phenyl­
acetylene are summarised in Table 3.1 and the proton nmr 
obtained at 90MHz using the Bruker WH-90 given in Figure 3.2. 
The conditions and results for the gas tritiation of 
phenylacetylene to effect complete reduction are shown in 
Table 3.2 whilst the radio-gas-liquid chromatogram is
3
presented in Figure 3.8. The H nmr spectra on the 
product subjected to purification and without purification 
are obtained in Figure 3.3 and Figure 3.4 respectively. 
Reaction conditions used for the gas tritiation of
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3 26 5 410 9 78
Fig.3.4.
5 3 2A 0
T T 15
1
Fig.3-1- HNMR spectrum of phenylacetylene.
1
Fig.3-2. H N M R  spectrum of the hydrogenated product of phenylacetylene. 
Fig.3 .3- H N M R  spectrum (proton decoupled) of the fully reduced product 
of phenylacetylene subjected to distillation.
Fig.3-4. HNMR spectrum (proton decoupled) of the fully reduced 
products of phenylacetylene.
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1
Pig.3-3. HNMR spectrum of the partially reduced products of
phenylacetylene.
•j
Pig.3-6. HNMR spectrum (proton decoupled) of the partially
reduced products of' phenylacetylene using heterogenous 
c a ta 1ysI . ,
3I1 i g . 3.7* HNMR spi'c trum ( pro t on d e c o u p 1 e d ) of' par t i a I I y reduced 
products of phenylacetylene using Wi Ikinson's catalyst.
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Figure 3.8. Radio-gas-liquid chromatogram of the fully
tritiated products of phenylacetylene.
(top line represents mass signal) 
(bottom line represents radioactivity)
e thyl 
benzene
high boiling materials
051040 20 15253035
Time in minutes
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Fig.3'9. Radio-gas-liquid chromatogram of the tritiated
phenylacetylene formed when using a small amount
of ^ 2 _/^ 2 rn*-xture*
(top line represents mass signal)
(bottom line represents radioactivity)
ethyl benzene
styrene
phenyl­
acetyl­
ene
olvenl
high boiling materials
CHC1
25
Time in minutes
20 10
styrene ethyl benzene
(radioactivity peaks)
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phenylacetylene in the presence of insufficient ^2^2
mixture are tabulated in Table 3.3 and a typical result is
presented in Figure 3.6. The results obtained using
homogeneous catalyst are presented in Figure 3.7. The
radio-gas-liquid-chromatographic analysis of the products
obtained under conditions of insufficient gas gave the 
results shown in Figure 3.9.
Table 3.1 Reaction conditions used for the hydrogenation 
of phenylacetylene using a 5% palladium on 
charcoal catalyst.
Volume of 
Phenylacetylene 
(V*)
Solvent
Weight(mg) 
of
catalyst
Reaction 
time (hr)
Volume of 
H2 used
(ml.)
40 1,4-dioxan 32 6 15
20 chloroform 18 1 12
Table 3.2 Reaction conditions used for the tritiation of1
phenylacetylene using a 5% palladium on 
charcoal catalyst and excess gas.
Volume of 
Phenyl- 
acetylene 
(VA)
Solvent
Weight(mg) 
of
catalyst
Reaction
time
(hr)
Volume
of
H2~T2
mixture
(ml)
. Radio­
activity 
(mCi) 
of
Product(s)
40 1,4-dioxan 36 6 05ml T9 320
then
9ml H2
20 1 20 16 15 200
(30:1 mixture)
20 Chloroform 18 1.75 10 120
(20:1 mixture) 
1
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Table 3.3 Reaction conditions used for the tritiation of 
Phenylacetylene in the presence of insufficient 
H2-T2 mixture.
Weight
(mg)
of
catalyst
Solvent
Volume
of
h 2-T2
mixture
(ml)
H2 :T2
ratio
Reaction
time
(hr)
Radio­
activity
(mCi)
of
Products
7a chc&3 1 10:1 2 46
6a n 0.5 1 0.5 13
25a 11 4 1 6 200
8a 1 ,4-dioxan 1 15:1 2 20
to 00 chc&3 3 1 1 40
15a tetra-
hydrofuran
5 10:1 2 370
12a CHC&3 2 15:1 1 96
25a 1 2 1 1 130
io b 1 1 10:1 1 40
cl K
5% Pd on charcoal Wilkinson's catalyst
3.4 DISCUSSION
The results in Figure 3.2 shows that the hydrogenation
of phenylacetylene proceeded smoothly to give ethyl benzene.
When the same reaction was carried out using tritium gas,
the product purified by distillation following the additional
3
of carrier, the resulting H nmr spectrum (Figure 3.3) was
3
characteristic of [1,2- H]ethyl benzene although there were 
still some impurity peaks at 61.1, 1.6 and 1.9. It is
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clear that although the methylene and methyl positions are
labelled the same kind of unsymmetric distribution which
was witnessed in the hydrogenation of styrene (see p. 50 )
no longer occurs. Although slightly more tritium is present
in the methyl position than in the methylene position and
this result would indicate that exchange of the terminal
acetylenic group in phenylacetylene is more difficult to
achieve than in the case in compounds containing a terminal
3methylene group. The H nmr spectrum obtained prior to 
purification of the product (Figure 3.4) contains several 
additional peaks. These were shown not to be experimental 
artifacts as several spectra possessed the same features.
This is also confirmed by the radio-gas-liquid chromatography 
results (Figure 3.8). These show that radioactivity 
associated with the ethyl benzene peak. Some high boiling 
by-products are formed and these could be responsible for
3
the additional peaks in the H nmr spectrum (Figure 3.4).
When the experiments were carried out in the presence
of insufficient amounts of hydrogen-tritium gas both the
1 3H (Figure 3.5) and H (Figure 3.6) spectra become slightly,
complicated. In the first case the characteristic signals
of the acetylenic absorption in phenylacetylene (63.05) , the
methine (-CH=) and methylene (=CH2) of styrene (66.8 , 5.3
and 5.8) and the methylene and methyl of ethyl benzene
. . . 3
62.6 and 1.2) are visible. The corresponding H nmr
spectrum (Figure 3.6) again confirms the absence of any
tritium in the acetylenic group and most of the peaks can
be identified with labelled styrene:-
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H<S5. 8
:c=c
H65. 3H 66. 8
That no exchange occurs at the terminal acetylenic group 
is also clearly shown in the radio-gas-liquid chromatography 
results (Figure 3.9) . These show that when the reaction is 
carried out in the presence of insufficient gas the main 
products are unchanged phenylacetylene (retention distance 
35 cm.), styrene (retention distance 41 cm.) and ethyl 
benzene (retention distance 37 cm.) and whilst there is 
no radioactivity associated with the phenylacetylene the 
radio-signal is mainly associated with the styrene peak.
Some high boiling by-products are also formed (retention 
distance 90-150 cm.). When Wilkinson's catalyst was used 
(Figure 3.7) the results show that double labelling occurred 
and less tritium incorporated into the methylene (-CH=) group 
adjacent to the benzene ring.
The conclusions that can be drawn from the present study 
are that the hydrogenation of phenylacetylene is more 
complicated than that of styrene, and that isotopic hydrogen 
exchange is unimportant. The high boiling impurities 
present could be the result of radiation induced polymerisation
which is a well characterised process in systems of this
12 3kind . Once again that H nmr spectroscopy when combined
with radio-gas-liquid chromotography provides a sensitive
analytical method ideally suited to the study of catalytic
processes. A still better insight into the results could
3
probably be obtained if the H nmr spectra of each of the 
products of the reaction could be obtained.
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4,1 INTRODUCTION
Hecent advances in life science research have been
greatly facilitated by the availability of labelled proteins.
1 14Several radio-nuclides have been used e.g. C-labelled
amino acids have been employed and in other cases the protein
has first of all been iodinated, followed by deiodination
125with tritium gas. For many years however I was the
preferred choice using the chloramine — T method or
125 2 3
N-succinimidyl 3- (4-hydroxy, 5-[ I] iodophenyl) propionate ' .
There are nevertheless three serious disadvantages in using
despite the fact that products of very high specific
activity can be acquired. Firstly, it is an energetic
y-emitter so that a good deal of lead shielding is necessary.
Secondly, iodinations frequently affect the biological
activity of proteins and a mixture of products is produced.
125Finally, the half-life of I is 60 days, so the labelling 
procedure needs to be repeated quite often.
Several examples of the use of tritium-labelled compounds 
in the labelling of proteins have been reported. Thus 
tritiated acetic anhydride has been used to label serine, 
lysine, threonine, tyrosine and N-terminal residues^ and the
reductive methylation of amino groups with formaldehyde
. . 4and potassium borotntide reported . At Amersham
3
N-succinimidyl [2,3- H] propionate has been developed to 
label a number of proteins in a manner similar to the Bolton 
and Hunter reaction used in iodination studies. The reagent 
has been assumed to react with the epsilon amino group of 
lysine in proteins as shown in equation (4.1).
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0
■C-NH-CH-(CH2)4”NH2
C=0
CHn-CH -C-0-
NH N-succinimidyl [2,3- H]propionate
epsilon amino group of 
lysine in proteins
0
•C-NH-CH-(CH2)4-NH-C-CH2-CH3
C=0
NH
(4.1)
[ H] propionated protein 
+
HO-
0^
N-hydroxy 
succinimide
Several examples of the successful use of N-succinimidyl
3
[2,3- H] propionate have been reported e.g. the labelling of
5
a-bungarotoxin , histones and non-histone proteins from calf
6 7 8 9 10thymus , several immunoglobulins ' ' ' and the protein
components of sciatic nerve axons^. Despite this success,
the fact remains that N-succinimidyl propionate has never been
properly characterised or the crystalline product isolated.
Furthermore the rates of reaction with the free amino groups
of proteins or peptides have not previously been measured.
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It is clear that the most useful acylating reagents are those
which react with the substrate at rates which are much faster
12 13than the rates of hydrolysis ' . There is therefore a clear
need to define more closely the optimum reaction conditions 
under which N-succinimidyl propionate can be used because 
reaction and hydrolysis are competing processes, and this, 
together with its preparation and characterisation is the 
subject of the present study.
4.2 EXPERIMENTAL
4.2.1 Materials
Dicyclohexylcarbodiimide, N-hydroxysuccinimide, all the 
amino acids and wheat germ agglutinin were obtained from 
Sigma whilst 2-hydroxyethyl disulphide, 2-mercaptoethanol, 
propionic acid were purchased from BDH. The propiolic acid 
(also from BDH) was redistilled before use. Ethyl acetate 
and redistilled benzene were dried by standing over molecular 
sieves (4A) for at least 24 hours. Silica gel G TLC plates 
(500ym) were obtained from Merck whilst [ H]N-succinimidyl
propionate marker was kindly supplied by Amersham International.
. . .  144.2.2 Preparation of N-succinimidyl propionate
N-Hydroxysuccinimide (3.2g. 28mmol) was dissolved in 
dry ethyl acetate (120ml) by gently warming. To this solution 
at room temperature propionic acid (2ml, 28mmol) was added 
followed by dicyclohexylcarbodiimide (5.8g. 28mmol) in dry 
ethyl acetate (10ml). The mixture was mechanically stirred 
overnight and the precipitate of dicyclohexylurea that was 
formed removed by filtration and washed with dry ethyl 
acetate (10ml). The combined filtrates were rotary evaporated 
to a small volume (~50ml) and left to stand at room temperature
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for about 2 hours. The small amount of dicyclohexylurea 
precipitated was again filtered off. The solvent was rotary 
evaporated off and the remaining material taken up in ethyl 
acetate (0.8ml). Hexane (1.2ml) was then added dropwise until 
opalescence occurred. The mixture was stored at -20°C with 
occasional stirring. The crystals formed overnight were then 
filtered off using a millipore (type 3M) filter. The product 
was dried at room temperature under vacuum to give a pale 
yellow waxy solid (2.5g) with a m.pt. of 32?C. The crystals 
were twice recrystallised from ethyl acetate: hexane (1 :1).
A small sample was further purified by sublimation at 
approximately 40°C using the apparatus shown in Figure 4.1.
The microanalysis results were as follows:-
%C H N 0
Calculated 49.12 5.3 8.18 37.4
Experimental 49.33 5.17 8.48 37.0
No ultra-violet absorption of the product at <220nm was
found and the infra-red spectrum (Figure 4.2) showed peaks
characteristic of an aliphatic ester (1735, 1780 and 1820 cm 1)
whilst the mass spectroscopy data (Table 4.1) was consistent
1
with the other findings. The Hnmr spectrum (Fig. 4.3) of 
the product (in CgD^) had the following features:rr
60.79 triplet, 3H, CH2CH3? 62.10 quartet, 2H, CH2CH3 ; 
61.68, multiplet, 4H, COCH2CH2CO.
3
4,2,3 Preparation of fl-suocmimidyl [2,3- H] propionate. 
Palladium oxide (6.5mg) and dry benzene (1.0ml) was 
stirred with tritium gas (25Ci, 5ml) in the gas tritiation 
manifold for 30 minutes before removing excess gas back to 
the burette by simply manipulating the mercury reservoir.
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Redistilled propiolic acid (HCHC*C00H) (5y&, 0.07 mmol) was 
added and the mixture reduced in the presence of the remaining 
tritium (9ml at 1(atmosphere pressure) for 2 hours. Any excess 
tritium gas was removed and a solution of N-hydroxysuccinimide 
(230mg) in ethyl acetate (0.5ml) was added followed by a 
solution of dicyclohexylcarbodiimide (420mg) in benzene (1 ml). 
The mixture was left to stir overnight.
A fibre glass filter (type GF/F) was mounted in a
millipore unit (type 3M) and washed with ethyl acetate prior
to filtering off the catalyst and dicyclohexylurea from the 
. . 3N-succinimidyl [2,3- H] propionate solution. Ethanol (1 ml) 
was added to the latter before rotary evaporating off the 
solvent. The procedure was repeated to complete the removal 
of labile tritium.
The residue was taken up in ethyl acetate (10 ml) and 
then rotary evaporated to a small volume (~0.5 ml) before 
application together with inactive marker to two activated 
silica t&c plates, which were eluted with dry benzene :ethyl 
acetate (60:40), dried and finally autoradiographed for one 
minute. The succinimidyl propionate marker was located by 
means of an ultra-violet source (Rf '^•5). The active
band was removed from the plate and the silica washed with 
dry ethyl acetate portions (200 ml). The solution was rotary 
evaporated to dryness and the residue redissolved in dry 
benzene (100 ml) before determining the total activity, which 
came to 2 Ci.
4.2,4 Determination of the specific activity of N-succinimidyl 
3[2,3- H ] propionate.
A 0.1M sodium borate solution of pH8 was prepared and
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to this solution (2ml) p-nitrophenylalanine (10 mg, 50y mol)
3
was added. N-Succinimidyl [2,3- H] propionate (150m Ci) in
benzene solution (7.5ml) was rotary evaporated to a small
volume before transfering the latter to a graduated tapered
10 ml centrifuge tube where the rest of the solvent was
removed under a gentle stream of nitrogen. The centrifuge
tube was then cooled in ice prior to adding 0.2 ml of
p-nitrophenylalanine solution (5 mg/ml). The tube was
stoppered and agitated in a vortex mixer for 1 minute and,
with 4 minutes intervals, the procedure repeated twice.
The solution was applied, using a fine tipped Pasteur
pipette, to a 250ym silica plate together with a solution of
the N-propionyl-p-nitrophenylalanine marker. The plate was
eluted with a solvent mixture of chloroform:ethanol:acetic
acid (85: 10: 5) and both the marker and active band located
under ultra-violet light. The plate was autoradiographed,
the active band removed and washed with ethanol (25 ml) in
portions. The ultra-violet absorption spectrum of this
solution was recorded over the 230-380 nm range and the single
broad peak with a A max at 275 nm was found to have an
3 -1 -1extinction coefficient of 10.2x10 M cm . From this
result it was possible to calculate the specific activity of
3the N-succinimidyl [2,3- H] propionate from the following 
equation:
A = ec&
where A is absorbance, £ is pathlength and C is concentration 
and specific activity (mCi/mmol) = total activity 4- c.
The value is 50.0 Ci/mmol.
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4,2.5 Kinetic studies of the hydrolysis of N-succinimidyl 
3[2,3- H ] propionate and of the reaction with different 
substrates.
3
Solutions of N-succinimidyl [2,3- H] propionate (5y£),
3
[2,3- H] propionic acid (5y&) and a mixture of both were 
applied to a thin layer chromatography plate. This was eluted 
with petroleum ether (60-80°C): ethyl acetate (70:30) prior
to being sprayed with a 10% sodium hydroxide in methanol 
solution. After drying the plate was scanned for radio­
activity (Figure 4.4).
For the kinetic studies a series of buffers covering the 
pH range 5-9 were prepared. The procedure entailed taking
3
some N-succinimidyl [2,3- H] propionate (7.5mCi, 50Ci/mmol) 
in toluene, adding inactive carrier (12 yg) and rotary 
evaporating to dryness. To this residue 1 ml of the buffer 
solution was added and the solution shaken intermittently at 
20?C; 5y& samples were withdrawn at convenient time intervals
and applied to silica gel t.£.c. plates which were then eluted, 
sprayed, dried and scanned. The concentration of N-succinimidyl
3
[2,3- H] propionate (Rf = 0.35) remaining was then calculated 
by triangulation and the percentage decrease plotted as a 
function of time so that the rate of disappearance of
3
N-succinimidyl [2,3- H] propionate could be calculated from 
the initial gradient of the graph.
Where a substrate was involved the procedure was exactly 
the same; the concentration of the former was such that only 
one mole reacted with one mole of the N-succinimidyl propionate. 
The substrate was mixed with the buffer solution before 
addition to the reagent. With L-lysine and wheat germ agglutinin
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Figure 4.1. Cold finger method used to r.ecrystallise
N-succinimidyl propionate.
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Figure 4.2 . Infra-red spectrum of N-succinimidyl 
propionate.
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Figure 4.3- H NMR Spectrum of N-succinimidyl 
propionate in d^-benzene.
M
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Figure k.k. Separation of [ H]succinimidyl propionate and 
its hydrolysed product using thin-layer method
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Figure 4.5* A reconstructed reaction for N-succinimidyl 
[2 ,3-^H]-propionate with 2-mercaptoethanol 
at different time intervals.
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Figure h 6. Percentage decrease in N-succinimidyl propionate 
against time in buffer solutions at 20^0.
100
pH : 5
a
(t)
o
b
(D
P
to
rc
pH: 6 
pH:6.2k
50
pH : 7
pH: 9
0
50 * 100 150
Time in min.
Figure 4„7. Percentage decrease in N-succinimidyl propionate
against time with L-lysine in buffer solutions
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Figure 4.8. Percentage decrease in N-succinimidyl propionate
against time with wheat germ agglutinin in buffer
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pH: 7
p H :8.1
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Figure 4.9. Percentage decrease in N-succinimidyl propionate 
against time with different substrates (numbers 
correspond to those in Table 4.3.) in buffer pH7*5 
solution at 20°C.
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Figure 4.10. Percentage decomposition rates of N-succinimidyl 
propionate (0 .5umole/ml) in agueous solution at 
various pH with and without lysine or wheat germ
agglutinin.
L-lysine
'wheat germ 
agglutinin
buffer only
pH values
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the percentage, decrease in N-succimimidyl propionate in buffers 
range pH 5-9 were determined whilst subsequent experiments 
using other substrates were carried out at pH7.5 buffer at 
room temperature for approximately two hours. Figure 4.5 
illustrates the situation in the case of reaction with 
2-mercaptoethanol.
4.3 RESULTS
The rate of hydrolysis of N-succinimidyl [2,3-%] 
propionate was studied over a pH range (5-9) as also was the 
ratg of reaction with L-lysine and wheat germ agglutinin and 
these results are presented in Table 4.2 and also in Figures 
4.6 to 4.8. For the other substrates the rates of reaction 
were investigated and these results are presented in Table 4.3 
as well as in Figure 4.9.
.Table 4.1 Mass spectroscopy data for N-succinimidyl
propionate.
M/e value Relative abundance(%) Fragmentation
15 15 •CH2
27 85
28 87 ch2 = CH2 -
29 88 ch3-ch2 -
55 77
56 75 0
57 100
II
H 3C-H2C-C •
87 70
contd.
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Table 4.1 (contd.)
115 H-O-N
156
!-0-N•CH
Molecular ion18171
Molecular ion172
isotopic peak
Table 4.2 Results of reaction between N-succinimidyl propionate 
and buffer, and of reaction with L-lysine and wheat 
germ agglutinin at different pH. (temperature = 20°C)
pH (Buffer)
.... ...... 1
Percentage, rate of reaction (min )
Hydrolysis With With wheat
(No additive) Lysine ^
/l. \
germ agglutinin
5.0 0.075 0.18 0.16
6.0 0.16 0.75 0.45
7.0 0.62 3.22 1.30(0.57) *
7.5 0 . 84 5.33 1.80
8.0 1.00 6.0 3.1(1.47)*
8.1 1.18 6.5 2.8
9.0 8.8 - -
^experiments at 0°C
(a) concentration 0.8 ymol/ml
(b) concentration 5mg/ml.
- 117 -
3
Table 4.3 Results of reaction between N-succinimidyl [2,3- H]- 
propionate and various substrates at pH 7.5 and 20°C
substrates
Percentage rate of reaction
ft • ~1\(min )
- 0.84
1. 2-Mercaptoe thano1 11.4
2. L-Lysine 5.3
3. N-t-BOC-L-histidine 
(BOC = butoxycarbonyl)
2.9
4. N-e-t-BOC-L-lysine 2.3
5. Wheat germ agglutinin 1.8
6. N-a-t-BOC-L-arginine 1.8
7. D,L-Phenylalanginine 11.6
8. N-t-BOC-L-tryptophan 1.5
9. Adenosine 1-4
10. Cytosine 1.0
11. 2-Hydroxyethyldisulphide 0.8
12. D-Glucose 0 . 8
4.4 DISCUSSION
Part of the problem in the preparation of N-succinimidyl 
propionate is the low melting point and the fact that purifi­
cation needs to be carried out under conditions where 
hydrolysis is unimportant. The reaction scheme is depicted 
as follows:-
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ch3ch2cooh
Propionic acid
° 7+ HO-N — N=C=N-
N-hydroxysuccinimide dicyclohexyl­
carbodiimide
0 0
ch3ch2-c-n
V
+
ii o h
i ii i
< )— N-C—N (4.2)
N-succinimidyl
propionate
dicyclohexylurea
The first step in the synthesis of N-succinimidyl
[2,3- H]propionate is
HC=C* COOH + 2T, HT2C*CT2-COOH (4.3)
the subsequent steps being the same as for inactive 
N-succinimidyl propionate.
3
N-Succinimidyl [2,3- H]propionate undergoes hydrolysis in 
the following manner:-
* *
ch3ch2
if 7
-C-O-N / 
0 =^ -
H o0 0
2 * * |
 >  CH3-CH2-C-OH
[^H]Propionic acid
+
0 =
(4.4)
/
HO-N v 
0^ ~
N-hydroxysuccinimide
In order to obtain the maximum benefit from its use it is 
necessary to (a) measure the rate of hydrolysis under different 
conditions and (b) to measure the rate of reaction with 
substrates containing a free amino group. For this work an
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appropriate analytical procedure had to be devised and from amongst
the various possibilities thin-layer chromatography was chosen.
3 3The result obtained for N-succinimidyl [2,3- H]propionate, [2,3- Hi-
propionic acid and for a mixture of both are shown in Figure 4.4
and clearly illustrates the potential of the method. The
kinetic studies show that at pH5 the rate of hydrolysis is
slow with a half-life in excess of 10 hours but that at pH9
the rate is some 100 times faster. It is likely that under
these conditions there will be hydrolysis products additional
to propionic acid and N-hydroxysuccinimide. These could arise
in the following manner^'
0 
I
CH3-CH-C-0-N
o l
H2 ° o
CH3-CH2-C-ON-C-CH2-CH2-C-OH
H
o
I
H00C-CH2~CH2-C-N-0H
H
CH3CH2COOH
V
H2°
HOOC-CH2-CH2-COOH
o
I
H 3C-CH2-C-0-NH2 (4.5)
Hydrolysis of the reaction product could also occur although 
there is evidence that under the experimental conditions this 
is not significant^.
Since the N-succinimidyl propionate was to be used for 
reaction with proteins it was important to investigate the 
rates of propionylation with suitable substrates and to compare 
these with the rates of hydrolysis. It is believed that in 
the presence of buffer the rate of disappearance of
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N-succinimidylf propionate is due to hydrolysis and that in 
the presence of substrate the increase in rate is due to 
propionylation. This assumption is illustrated in Figure 4.5 
in the case of 2-mercaptoethanol. Other results (Figure 4.10) 
show that although the rates of hydrolysis increase with 
increasing pH this is less pronounced than the increase in the 
rate of reaction with L-lysine. Clearly reaction with this 
substrate can be carried out most readily by operating at a 
pH of between 7 and 8.
The result .for the other substrates (Table 4.3 and 
Figure 4.9) show that 2-mer.captoethanol is by far the most 
reactive whilst cytosine, 2-hydroxyethyldisulphide and glucose 
are virtually unreactive. When present, cystine residues and 
histidine residues may also be propionylated. L-Lysine contains 
two primary amino groups capable of reacting with N-succinimidyl 
propionate and when one of these is blocked the rate is reduced 
from 5.3 to 2.3 min \
N-Succinimidyl propionate reacts well with primary amines.
3
Proteins may be labelled with N-succinimidyl [2,3- Hjpropionate
in the pH range 7.5-8.0 at room temperature for 1 to 2 hours
or for longer periods at 0°C. This reaction time will
accommodate the lower reaction rate of lysine groups which to
some extent will be sterically hindered when incorporated in
proteins. A protein, wheat germ agglutinin (molecular 
16weight 36/000) was labelled under these conditions. Thiol
reagents which are often used to stabilise some proteins, must
3be absent when labelling with N-succinimidyl [2,3- H]propionate.
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5.1 INTRODUCTION
A number of chromatographic methods have been
developed with the aim of measuring radiochemical :
1 2  3 4purity ' and of these radio-gas-liquid chromatography '
has provedcparticularly useful for the more volatile 
compounds where paper or thin-layer methods are not 
applicable. Usually the radioactivity is detected by 
a combination of combustion and proportional counting or 
by liquid scintillation counting. One is therefore 
dealing with material at the microcurie level of radio­
activity. In contrast the samples that are prepared for 
3H nmr analysis contain several millicuries and the 
interpretation of the results is made more difficult when 
more than one compound is present in the sample. There 
is therefore a need to develop a chromatographic method 
which will operate satisfactorily at this kind of level 
of radioactivity. In the present chapter we report on 
such an instrument which has been developed as a result 
of a simple modification made to a commercially available 
instrument. Aspects of sensitivity, applications and 
the decontamination problems are also discussed.
5.2 INSTRUMENTATION
The chromatograph (Carlo Erba Fractovap 4200 series) 
as set up was connected to an ESI radioactivity detector. 
The effluent from the chromatograph was combusted to 
tritiated water (and carbon dioxide) and the radioactivity 
detected by proportional counting. Samples had therefore 
to be at the yCi level and the number of samples that
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could be run in a given time was rather limited; memory 
effects could also be important. As with many commercial 
gas chromatographs the instrument had two identical flame 
ionisation detectors, a variable post-coluxnn splitter and 
a dual pen recorder but only a single differential type 
electrometer. The possibility therefore arose of using 
the second flame ionisation detector to detect the radio­
activity, the only addition necessary being a second 
electrometer to measure the current produced. The 
modified detector, now acting as an ion chamber, was run 
with no hydrogen flow but with approximately normal air flow 
to act as a. purge gas. Argon was chosen as the carrier gas 
and for measuring the radioactivity the effluent was split 
in a 1:9 ratio, one part passing into the flame ionisation 
detector of the gas chromatograph and nine parts into the 
ionisation chamber detector for radioactivity measurement.
The polarising potential^necessary for the ion chamber 
operation was 15 volts and was supplied from a dry cell 
battery connected between the grounded outer case of the 
modified flame ionisation detector (F.I.D)and the input 
screen of the electrometer. The output from the electrometer 
and also from the chromatograph detector were connected to 
the two-pen recorder so that both mass and radioactivity 
signals could be recorded on the same chart. Figure 5.1 
gives details of the radio-gas-liquid chromatograph whilst 
details of the modified flame ionisation detector are given 
in Figure 5.2.
In the event of the sensitivity of the apparatus not
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being sufficiently high for some of the possible applications
it was considered worthwhile to replace the electrode and case
assembly of the F.I.D. by a specially constructed chamber
designed to fit the FID base of the chromatograph (Figure 5.3).
This consists of a single steel rod as central electrode and
a stainless steel cylindrical chamber which is insulated
electrically from the chromatograph detector base using PTFE
insulator, capable of withstanding temperatures of up to
350°C. This construction,including the provision of a guard
ring around the central electrode, permits the use of a
higher sensitivity electrometer with an input resistor of up 
12to 10 ohms. Electrical leakage currents are minimised and 
the electrometer can operate with input return at ground 
potential since the polarising voltage would be applied to 
the outer chamber steel wall, as indicated in Figure 5.3. 
Furthermore a gas outlet enables the radioactive effluent 
to the extracted to the atmosphere.
5.3 APPLICATIONS:
5.3.1 Analysis of a mixture of ethyl benzene and styrene 
and of their tritiated counterparts 
Pure inactive samples of styrene (B.pt.l45.2°C) and 
ethyl benzene (B.pt.l36.2°C) followed by mixtures of the two 
were in turn injected into the apparatus by means of a 5 yJl 
Hamilton syringe and the retention times recorded.
Subsequently a catalytic hydrogenation of styrene was carried 
out (see p. 20 ) using a H2~T2 mixture under the standard
conditions, and after separating the products from the 
catalyst and removing labile tritium and solvent, 0.5-2y£
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of the product was subjected to radio-gas-liquid chromato­
graphic analysis, the experimental conditions being given in 
Table 5.1. The chromatograms obtained are shown in Figure 5.4.
Table 5.1. Experimental conditions used for the radio-gas- 
liquid chromatography of a mixture of styrene 
and ethyl benzene.
Column
packing 5% OV 1 on chromosorb G
Attenuation
output 64 units
Length of 
column 2 metres
Electrometer
voltage 1000 mV
Oven
temperature 100°C
Current and
resistance
unit
10^° ohms
Injection
port
temperature
200°C
Recorder 
chart speed
500 m. 
hr"1
Carrier gas
Argon
Mass recorder
signal
voltage
2.5 mV
Carrier gas 
pressure -20.5Kg cm
Radioactivity
recorder
signal
voltage
1 V
Purge gas
Purge gas 
pressure
Attenuation
input
H2 and air 
lKg cm ^
100 units
Carrier gas 
flow rate 
(measured from 
the flame jet 
point)
20ml/min.
5.3.2 Analysis of a mixture of 4-vinyl pyridine and
4-ethyl pyridine and of their tritiated counterparts 
In the hydrogenation of 4-vinyl pyridine using a 
smaller amount of H2-T2 mixture than would be required to
-  1J5U -
Figure 5-4 • Radio-gas-liquid chromatograms of' (a) a mixture 
of styrene and ethyl benzene (b) a mixture of 
tritiated styrene and tritiated ethyl benzene.
mixture (b) mixture (a)
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Fig.5 .5- Radio-gas-liquid chromatograms of a mixture of 
tritiated 4-vinyl pyridine and 4-ethyl pyridine
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effect complete reduction both tritiated 4-vinyl pyridine 
and tritiated 4-ethyl pyridine were obtained as products 
(see p. 21 ). in view of the fact that 4-vinyl pyridine
has a boiling point of 166°C, only 1°C lower than that of 
4-ethyl pyridine, it was considered that this mixture would 
provide a very good test of the capability of the radio-gas- 
liquid chromatograph. The experimental conditions and 
procedures were similar to those used in the previous example, 
the main differences being summarised in Table 5.2.
Table 5.2 Experimental conditions used for the radio-gas- 
liquid chromatography of a mixture of 4-vinyl 
pyridine and 4-ethyl pyridine.
Injections
Oven temperature 
°C
Hydrogen 
Pressure 
(Kg cm“2)
Comments
a 100 1 No separa­
tion
b 85 1 A peak and
shoulder
merge
c 70 2 Shoulder
becomes
visible
d 60 2 Partial
separation
5.3.3 Determination of the sensitivity of the ion- 
chamber detector
For this purpose some tritiated toluene was prepared 
by exchange with T2 gas over Raney mickel catalyst at 125°C
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for 2 days and its specific activity found to be 402.4 mCi 
per ml. Using a Hamilton syringe 1 y£ of the toluene was 
injected into the chromatograph operating with an oven 
temperature of 200°C and a 3 metres chromosorb G aluminium 
column; the injection port temperature was 350°C. The 
toluene samples were gradually diluted and the radioactivity 
peaks were measured by changing the electrometer voltage from 
lOOOmV to lOOmV. Ten samples were used and the necessary 
information is given in Table 5.3.whilst the chromatograms 
are shown in Figure 5.6.
Table 5.3, Determination of the sensitivity of the 
ion-chamber detecton.
Sample
Amount of 
radio­
activity 
present (yCi)
Electro­
meter
Voltage
(milli­
volts)
Sample
Amount of 
radio­
activity 
Present 
(yci)
Electro­
meter
Voltage
(milli­
volts)
A 402.4 1000 F 12.57 1000
B 201.2 it G 6.28 i
C 100.6 it H 3.14 300
D 50,3 n I 1.57 100
E 25.15 it J 0.786 n
5.3,4 Stability of tritiated organic compounds on storage.
Tritiated organic compounds that have been prepared at
very high specific activity are prone to undergo radiation
3decomposition on storage. H Kmr can be used to study this 
phenomenon, changes in the spectra as a function of time
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giving an indication of the possible importance of radiation 
decomposition. The procedure is however rather time- 
consuming and in theory decomposition information could be 
obtained in a much shorter time interval by using radio-gas- 
liquid chromatography. Compounds containing a vinylic 
linkage readily undergo polymerisation and in this particular 
study we have run several samples of tritiated styrene over 
the course of several weeks to illustrate the use of radio- 
gas-liquid chromatography in the study of decomposition. The 
chromatograms are presented in Figure 5.8.
5,4 DISCUSSION
As discussed in chapter 1 the hydrogenation of styrene 
when carried out using insufficient **2 ^ 2  mixture to effect 
complete reduction gives rise to two products, tritiated 
styrene and tritiated ethyl benzene. We were therefore 
concerned to see how the modified radio-gas-liquid chromato­
graphy could cope with such a mixture. Figure 5.4 shows 
that a good separation of ethyl benzene and styrene can be 
obtained and that the radioactive peaks correspond to those 
of the inactive compounds, with the retention times and 
relative retention volumes given in Table 5.4.
Table 5.4 Retention times and relative retention volumes of 
3 3[ H]-styrene and [ H]-ethyl benzene.
Compound
Retention time 
(minutes)
Retention
Volume
(relative)
Radioactivity
(relative)
Styrene 1.44 - -
Ethyl benzene 1.08 - -
[^H]-Styrene 1.44 75 77.6
[^H]-Ethyl benzene 1.09 10 22.4
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The above results obtained by measuring the peak areas,
3are m  close agreement with the H nmr findings (see p. 50 ).
It is useful at this stage to observe the similarity of the 
results obtained using these two techniques (Table 5.5),.
In the more demanding case of 4-vinyl pyridine and 
4-ethyl pyridine a partial separation can be achieved at an 
oven temperature of 60°C (Figure 5.5). The absence of any 
other signals confirms that the products of the hydrogenation
3
of 4-vmyl pyridine with ^ ^ 2  gas are [ H]-4-vinyl-pyridme
3
and [ H]-4-ethyl-pyndme.
The sensitivity of the radio-gas-liquid chromatograph 
is extremely good (Table 5.3 and Figure 5.6) with activities 
of less than 1 yCi readily detectable. There is no doubt 
that this lower limit could be reduced still further for 
example by optimisation of the gas flow., or by using a more 
sensitive electrometer, but for the current work it is more 
than satisfactory. The equipment is inexpensive and easy 
to use and lends itself to rapid analysis. Separation of 
most kinds of mixture of volatile organic compounds can be 
achieved so that specific activities can be readily determined. 
It is also possible that the instrument could be modified for 
preparative scale work. Possible disadvantages are the 
restriction of the method to volatile compounds or low melting 
solids and the fact that differential dual flame ionisation 
detection is not possible whilst one of the two detectors is 
in operation as in ion chamber. Because of this temperature 
programmed analysis may yield a less than horizontal base 
line e.g. see p. 93.
Contamination of the instrument can but need not be a 
problem. Experience shows that it can be avoided by first
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Table 5.5 Comparison of the results obtained by radio-gas-
3
liquid chromatography and H nmr spectroscopy on
3 3a mixture of [ H]-styrene and [ H]-ethyl benzene.
Method used
Radio-gas-liquid
Chromatography
and nmr 
spectroscopy
destructive non-destructive
Amount of sample 
used
0.5-1 y& ~20 y&
Time required 2 minutes "12 hrs.
Minimum measurable 
activity in sample
less than 1 yCi "1 mCi
Mass ratio of 
products
-
[^H]-styrene: 7.5:1 7:1
[3H]-ethyl benzene
% of radioactivity 77.6 73
2
in [ H]-styrene (by area measurement) (by integration)
% of radioactivity 22.4 27
in [^H]-ethyl 
benzene
(by area measurement) (by integration)
of all monitoring on a regular basis the radioactivity at the 
injection point and secondly by dismantling the detector head 
and cleaning with decon solution in an ultrasonic bath at 
regular intervals. The injection serum cap should be changed 
after every ten or so injections and the radioactive effluent 
should be led off via a length of polythene tubing to the 
atmosphere. Column contamination can be controlled by simply 
changing the column packing or by successive injections of a
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'large' amount,for example,10-20y£ of a hydroxylic solvent 
such as methanol onto the column. The results in Figure 5.7 
show that after 10 successive injections of methanol (5y&) the 
background contamination has been reduced to a constant level, 
less than half what it was originally. Finally thorough 
cleaning of the Hamilton syringe and needle immediately after 
each injection of highly radioactive material helped to 
overcome any cross-contamination problems.
With the increasing demand for tritiated compounds at 
very high specific activity radiation decomposition becomes 
an increasingly important matter both for the manufacturer 
and purchaser of the compound. Any instrument that will 
enable the rate of decomposition to be followed will be 
extremely useful. The radio-gas-liquid chromatograph is 
ideal for this purpose as is illustrated in the case of 
styrene (Figure 5.8). The initial chromatogram (Figure 5.4) 
showed that the mixture of styrene and ethyl benzene contained 
no other impurities. However after only 3 weeks of storage 
at 0°C signs of decomposition are clearly visible 
(chromatogram a) and six weeks later there has been a further 
marked deterioration in both the chemical and radiochemical 
purity.
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